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Abstract
ii
Photoluminescence coupled with repetitive thermal annealing has been used 
to study the thermal interdiffusion processes in both InGaAs and GaAsSb grown 
on GaAs substrates. The effect of growth temperature and group-V to group-III 
flux ratio were studied in InGaAs M Q W  wafers. The wells in the M Q W  stack were 
grown at different temperatures, one of which was grown well below the standard 
growth temperature to act as a vacancy source in the M Q W  stack. Due to this va­
cancy source we have been able to simultaneously measure the In-Ga interdiffusion 
coefficient, diffusion coefficient for group-III vacancies in GaAs, and the background 
concentration of these vacancies. It was shown that the interdiffusion at all tem­
peratures is governed by a constant background concentration of vacancies in the 
material and that this background concentration is the concentration of vacancies 
in the substrate material. The measured background concentration of vacancies is 
about 1017 cm~3.
This result showed that the vacancy concentrations in GaAs are not at 
thermal equilibrium concentrations as has been widely assumed. Rather it has been 
shown to have a value which is ffrozen-in”, probably at the GaAs crystal growth 
temperature. The activation energy found for intermixing of InGaAs/GaAs is shown 
to be governed solely by the activation term for vacancy diffusion which is calculated 
to have an activation energy of 3.4±0.3 eV. These results provide a mechanism to 
explain the reduced diffusion coefficient under the Ga rich conditions widely repor­
ted. The flux ratio was found not to play any significant role in the interdiffusion 
process. These results can be explained by the diffusion in all cases being governed 
by a single vacancy-controlled second-nearest-neighbour hopping mechanism.
The interdiffusion process on the group-V sublattice in the GaAsSb material 
system was shown to obey Fields second law with an activation energy of 2±0.3 eV. 
This result contradicts earlier reports of non-linear diffusion process in this system.
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C h a p t e r  1
Because the fundamental electronic and optical properties of semiconductors 
are completely determined by the crystal structure, scientists have been intrigued 
with the idea of fabricating artificial structures such as quantum wells and super­
lattices. Since the mid-70’s, these ideas have been gaining ground, inspired by the 
pioneering work of Esaki and Tsu at IBM. The key to growing artificial structures 
with tailorable crystal structure and hence tailorable optical and electronic proper­
ties has been the progress of hetero-epitaxy. Heteroepitaxial crystal growth tech­
niques such as molecular beam epitaxy (MBE) and metal-organic chemical vapour 
deposition (M O CVD ) have made a tremendous impact on semiconductor physics 
and technology.
Until recently, semiconductor optoelectronic devices used bulk materials, and 
integration usually required many steps of etching and regrowth. However, since 
the original proposal by Miller [1] monolithic integration of several optoelectronic 
devices in photonic and optoelectronic integrated circuits has been a goal actively 
pursued worldwide. Several approaches to integration based on quantum well active 
layers are emerging. The first, still based on regrowth involves growing a structure 
containing the quantum well active layer for all the devices. The active layers are 
than removed from regions where they are unwanted and the structure is overgrown 
with the same upper cladding layers [2]. In this way a virtually constant optical 
waveguide propagation coefficient is maintained across the wafer. If more than one 
set of active layer quantum wells is required then they can be grown on top of each
In t r o d u c t i o n  a n d  B a c k g r o u n d
1 . 1  I n t r o d u c t i o n
1
r
other and the structure designed so that light couples vertically from one layer to 
the other. This approach does impose limitations on device performance. A  second 
solution is to vary the width of the quantum wells across the wafer during a single 
stage of epitaxy [3] [4]. In this approach the substrate materials are coated with 
a dielectric mask in which slots are opened. No growth takes place on top of the 
mask, but surface migration of the growth species can take place for some distance 
across the mask to the nearest opening. The growth rate and hence the quantum 
well width in the opened areas therefore depends on the width of the opening and 
the patterning of the mask.
Finally, quantum well intermixing is also emerging as a powerful technique 
for fabrication of photonic and optoelectronic integrated circuits. In intermixing 
processes the bandgap of the quantum well structure is modified in selected regions, 
after growth, by intermixing the wells with the barriers to form an alloy semicon­
ductor. The band gap of the intermixed alloys is usually larger than that of the 
original quantum well structure, thus providing a route to form low-loss optical 
waveguides, bandgap-shifted quantum confined stark effect modulators, lasers and 
detectors using only one epitaxial step. In addition, because the bandgap is in­
creased, the refractive index is modified, and this modification in refractive index 
can be used to provide optical confinement [5] [6] gratings [7], or even laser re­
flectors [8]. A  number of intermixing techniques have been reported, most notably 
impurity induced disordering (IID) and impurity-free vacancy disordering (IFVD). 
These techniques have been used to fabricate working devices, and will be reviewed 
later in this chapter.
Currently, structures grown by molecular beam epitaxy at low growth tem­
peratures are demonstrated to have high resistivity, high mobility, an ultrashort 
carrier life time, and a high dielectric breakdown. This combination of properties
2
makes the low-temperature grown layers perfectly suited for use in high speed opto­
electronic devices. Optoelectronic applications of low-temperature molecular beam 
epitaxial growth of III-V materials was reviewed in detail by Whitaker [9]. The 
thermal stability of all these structures is of great interest for both fundamental 
studies and device fabrication, since most device fabrication involves high temper­
ature processing.
In the gallium arsenide based ternary and quaternary system, layers grown at 
low temperature are known to have high concentrations of excess arsenic, the excess 
arsenic in these structures produces high concentrations of gallium vacancies, which 
are free to diffuse upon thermal processing. It is now widely accepted that diffusion 
in III-V materials is carried out by point defects (such as vacancies), either present 
in the material or externally induced. The diffusivity and concentrations of these 
point defects are not well established, and very few reports could be found in the 
literature concerning this subject.
This thesis represents a study of the thermal stability of both InGaAs/GaAs 
and G aAsSb/G aAs quantum well structures. In particular the effect of molecular 
beam epitaxy growth parameters, such as, the growth temperature and group-V to 
group-III flux ratio, on the thermal stability of a InGaAs/GaAs multiquantum well 
structures is studied. It will also be shown how a multiquantum well structure could 
be used to determine the vacancy diffusivity and concentration. The intermixing 
phenomenon in single G aAsSb/GaAs quantum wells is also studied.
The organisation of this thesis is as follows:
In this chapter a review of the MBE growth of both InGaAs/GaAs and GaAsSb/GaAs  
material systems and their properties will be given, followed by an outline of methods 
used to quantify the intermixing process, and brief examples of devices fabricated by 
various intermixing technologies. In chapter 2 , the intermixing process in III-V semi­
conductors will be reviewed, where the attention will be mainly given to the InGaAs
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and GaAsSb quantum well structures. Chapter 3, presents the mathematical model 
used to quantify the intermixing parameters, while in chapter 4, a description of 
the samples and the experimental techniques used will be given. The experimental 
results and the vacancy diffusion model will be given in chapter 5, which will be 
analysed and discussed in chapter 6 . A  conclusion and proposed future work will be 
finally given in chapter 7.
1.2 M B E  growth and properties of III-V q u a n t u m  well structures
This section presents a brief overview of molecular beam epitaxial (MBE) 
growth and properties of both InG aAs/G aAs and GaAsSb/GaAs material systems. 
Complete details of the growth apparatus and technique can be found in excellent 
reference books on MBE: The Technology and Physics of Molecular Beam Epitaxy, 
edited by E. C. H. Parker [10], and Molecular Beam Epitaxy: Fundamentals and 
Current Status written by M. A. Herman and H. Sitter [1 1 ].
The name molecular beam epitaxy (MBE) was first used in 1970, this tech­
nique distinguishes itself from the previous vacuum evaporation technique with its 
much more precise control of the beam fluxes and deposition conditions. MBE is 
an epitaxial growth process involving the reaction of one or more thermal beams of 
atoms or molecules with a crystalline surface under ultra-high vacuum conditions. 
The MBE apparatus is shown schematically in figure 1.1. The principal components 
in this system are the resistance-heated source furnaces called effusion or Knudsen 
cells, the shutter, and the heated substrate holder. The low background pressure in 
MBE allows one to use electron beams to monitor the growing crystal. The reflection 
high energy electron diffraction (RHEED) technique relies on electron diffraction to 
monitor the layer by layer growth mode. As each mono-layer gets filled up, one can 
see this reflected in the oscillations of the intensity.
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Fig. 1 .1 . A schematic diagram of an MBE growth system showing its 
parts [1 2 ].
main
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The emergence in the late 1960s of III-V materials as a new class of semicon­
ductors for high speed and optical devices made several compounds early candidates 
for study by MBE. The first of these was gallium arsenide (GaAs), because of its 
superior properties over the conventional silicon technology, which enabled it to be 
used for the production of light emitting diodes, semiconductor lasers and many 
other opto-electronic devices. The continual improvements in the MBE technique 
have resulted in an excellent dimensional control, which was first demonstrated by 
the growth of A lG aA s/G aA s periodic structure [13]. Complex ternary and quatern­
ary alloy semiconductor structures (single quantum wells (SQW ), multi-quantum 
wells (M Q W ) and superlattices (SL)), ranging from the lattice-matched AlGaAs 
and InGaAsP on GaAs and InP substrates respectively as well as lattice-mismatch 
system such as InGaAs and GaAsSb on GaAs substrate were also grown by MBE. 
Figure 1 .2  illustrates the type of III-V materials that can be grown by MBE.
5.5 5.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5
Lattice constant (Angstroms)
Fig. 1 .2 . Lattice constants and band gaps for several III-V materials that can be 
grown by the MBE process [12].
Growth of In ^ G a ^ ^ A s  on GaAs has been studied and optimised by RHEED 
oscillations in many laboratories [14] [15], these studies were done as a function of
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the indium mole fraction (sc), the substrate temperature and the group-V to group- 
III flux ratio. Weng [15] found that in contrast to GaAs, the growth of InGaAs 
on GaAs causes a sharp reduction in the overall RHEED intensity, and subsequent 
growth of GaAs layers on InGaAs surface, greatly increases the RHEED intensity, 
with the most significant change occurring at lower substrate temperatures. He also 
found that the InAs growth rate (at a fixed indium temperature) is independent of 
As^/Ga beam equivalent pressure ratio and remains fairly constant for substrate 
temperatures less than 560 °C . The activation energy of indium desorption is found 
to be independent of both arsenic-to-total-group-III flux ratio and on the indium 
composition [16].
Until recently it was believed that high quality III-V based structures can only 
be grown at high substrate temperatures, however, Chang et al [17], showed that 
after annealing at elevated temperatures a high quality A lA s/G aA s multiquantum 
wells can be grown at low temperature. On the other hand Elman et al [18] studied 
the dependence of the critical layer thickness in the In ^ G a ^ ^ A s /G a A s  material 
system on the MBE growth temperature for a wide range of indium compositions 
(a:). Compared with ordinary growth conditions, the lowered growth temperature 
increased the indium composition (a;) value of the transition between pseudomorphic 
and relaxed regions for layers with low and intermediate lattice mismatch. An 
increase in critical layer thickness for pseudomorphic growth by at least a factor of 
seven for indium compositions less than 0.45 was measured (see figure 1.3), where 
high quality single quantum wells were grown in this extended thickness/composition 
range.
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Nominal indium composition (x)
Fig. 1.3. Calculated (dotted curves) and measured curves of critical layer thickness 
as a function of nominal indium composition for InGaAs on GaAs [18].
Unlike the InG aAs/G aAs system, the growth of the GaAsSb/GaAs is not as 
well established. Although GaAsSb has been grown by MBE for the whole composi­
tion range [19] [20] [2 1 ] between the two fundamental crystals. However, it has been 
found that compositional control in this system is much more difficult in compar­
ison with the case of I H ^ I I I i^ -V  alloys such as the InGaAs system. This difficulty 
mainly comes from the more complicated incorporation behaviour of arsenic and 
antimony atoms as well as the large differences between them. The two main prop­
erties, the high sublimation energy of Sbq and the low atomisation energy, predict 
a higher incorporation rate of antimony atoms than that of arsenic atoms. Exper­
imental results indicated that antimony atoms are much more easily incorporated 
into growing GaAsSb layers than arsenic [22]. On the other hand, it has been also 
known that the predominant incorporation of antimony is reduced with increasing 
growth temperature. Yano et al [23] reported on the MBE growth of GaAsSb crys­
tals on (100) orientated GaAs substrates, the authors found that the compositions 
of the alloyed crystals are strongly dependent on the growth conditions, such as, the 
substrate temperature and the arrival rates of arsenic and antimony molecules.
The two ternary compounds, InGaAs and GaAsSb, are of technical interest 
for their electronic and optical properties, the advantageous properties of which lie 
in the change in the band structure as In As or GaSb is mixed with GaAs. The 
electron mobility, the bandgap size, and the lattice constant of GaAs, GaSb, and 
InAs are drastically different as shown in table 1 .1 .
Table 1.1.
The band gap Eg in units of eV at OK, lattice constant in units of A, electron 
(mg), heavy-hole and light-hole (m/^) effective masses and electron and hole
mobilities at O K  (/ie, pjf) in units of cm2/V s  of some III-V semiconductors [24]
Semiconductor Eg CLo m* m hh m lh F e Fh
GaAs 1.519 5.6532 0.067 0.51 0.082 9200 400
InAs 0.418 6.0583 0.023 0.43 0.026 80000 460
GaSb 0.811 6.0959 0.041 0.28 0.050 3750 2500
When InGaAs or GaAsSb layers are grown pseudomorphically on GaAs, the 
InGaAs or GaAsSb layer takes the in-plane lattice constant of the substrate and 
expands along the growth direction (see figure 1.4).
High quality growth of such layers can be obtained only up to a critical 
thickness (which depends on indium or antimony concentration) after which dis­
locations will form to relieve the strain. These thin layers are stable because the 
energy required to form a dislocation to relieve the strain is greater than the strain 
energy present in the layer. Several authors have tried to model critical thick­
nesses [26] [27] [28] and some attempts have been made to measure the critical 
thicknesses for the InGaAs/GaAs system [29] The presence of strain in the layer 
also affects the band structure, for a layer under biaxial compression the mean band
9
Fig. 1.4. Schematic illustration of a pseudomorphic growth, a0 is the lattice con­
stant of the substrate. Shown is a tetragonally distorted, elastically strained layer 
with lattice parameters ay and a_j_, and a relaxed layer with equilibrium lattice 
constant [25].
gap is found to increase and the valence band becomes anisotropic so that the 
highest band is heavy-hole like in the growth direction and light-hole like in the 
plane of the layer.
High-pressure photoluminescence was used by Prins et al [30] to determine 
the type and band offsets in strained GaAsSb quantum wells grown epitaxially on 
GaAs substrates. The measured photoluminescence transition energies up to and 
beyond the T-X crossover near 36 Kbar, where the luminescence becomes indirect, 
indicates from the character of the V-X crossover that it is a type-I offset. A  
detailed explanation of the physics behind this is beyond the scope of this thesis but 
has been discussed by a number of authors [31]. This is one effect that has attracted 
considerable interest in the area of strained layer devices as the presence of light- 
hole transport suggested the possibility of producing high speed complimentary 
logic circuits in III-V semiconductors. The modified band structure also promises 
dramatic improvements in semiconductor lasers [32].
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There are many techniques available to measure and quantify diffusion pro­
cesses in III-V materials, each of which has its advantages and disadvantages, the 
sputter Auger profiling technique was the first to be used by Chang and Koma [17] 
to study layer intermixing in III-V semiconductor heterostructures. A  sample grown 
by MBE consisted of 1550 A  AlAs layer sandwiched between 1550 A GaAs layers 
was annealed at 992 °C  for times up to 14 hours under an arsenic over pressure 
to prevent decomposition. For short anneal times it was not possible to measure a 
diffusion coefficient due to the limited resolution of the technique. However, when 
significant mixing occurred, it was possible to fit the measured profiles to an error 
function profile. A  reasonable fit was obtained, so they used a Boltzman-Matano 
method to reanalyse the results. This method assumes a concentration dependent 
diffusion coefficient and resulted in a better fit to the experimental results. An ac­
tivation energy of 4.3 — 0.7a; eV was measured, where x is the Al concentration of 
the alloy. It is possible however that the differences of the measured profile to that 
of the error function, may be due to errors inherent in the technique used rather 
than a genuine compositional dependence. Since sputtering was used, the primary 
beam tends to mix the material before the atoms are sputtered from the surface, 
also the measured Auger electron signal may be emitted from a finite distance from 
the surface region. These limit the resolution of the technique to greater than 100 
A. In this experiment a sample with a relatively thick layer was used, enabling this 
technique with limitation, to be used. Nevertheless, since most quantum well struc­
tures have layer thickness of 100 A  or less, indeed in strained layer structures, the 
materials themselves set limits on the layer thicknesses. Thus, this technique is of 
limited use to quantify intermixing processes due to its poor resolution.
1 . 3  M e t h o d s  f o r  q u a n t i f y i n g  i n t e r m i x i n g  i n  t h e  I I I - V  s t r u c t u r e s
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Secondary Ion Mass spectroscopy (SIMS) was used by Dodisz et al [33] to 
study the interdiffusion of A lG aAs/G aA s material system where silicon and alu­
minium ions were implanted. The main advantage of this technique is that, it can 
be used to look at the depth dependence of intermixing, its major disadvantage is 
that, in samples where the lattice composition varies with depth, such as in multi­
quantum well structures (M Q W ), large errors can occur since the sputtering rate 
and ion yield for different materials can differ significantly. Transmission Electron 
Microscopy (TEM) is another technique which can be used to study intermixing 
processes, however its limited resolution makes it difficult to measure changes in 
material concentration. In addition sample preparation is difficult and time con­
suming, as in the case of SIMS, TEM  is destructive so following the evolution of 
diffusion with time on the same sample is impossible.
Among the many techniques photoluminescence has proven to be the most 
suitable, its non-destructive. Several consecutive anneals and measurements can 
be completed on the same sample allowing the diffusion process to be followed 
with time. Also in practice the resolution of the technique is only limited by the 
accuracy of the model assumed. The main limitation of this technique is that since 
it is optical, if the sample is damaged by implantation or is of low material quality 
caused by poor growth or heavy doping it will not luminesce. Another possible 
disadvantage of this technique is that as only transition energy levels is measured 
some assumption of the diffusion process and the well shape after annealing has 
to be made to calculate the degree of intermixing, whereas for SIMS the actual 
profile of the atoms is measured although within the limit of the technique. The 
above mentioned technique and many others have been employed in the studying of 
diffusion processes in III-V materials and the majority of these studies were focused 
on GaAs and its ternary lattice-match AlGaAs.
12
1.4 Intermixing as an electronic and optoelectronic device fabrication 
technology
In this section a brief review of intermixing technology as electronic and opto­
electronic device fabrication method will be given. The electronic or optoelectronic 
characteristics of the devices fabricated by this technology is beyond the scope of 
this study, so the emphasis will be on how this technology could be used to produce 
working devices.
• The technique
The primary requirement for monolithic integration of optoelectronic devices 
is the mutual compatibility of optical band-gap energies among the various com­
ponents. For example, integrated wavelength division multiplexing components for 
optical communications systems require the integration of lasers, modulators, and 
wave-guiding regions. The band-gap energy requirements of a circuit consisting of a 
quantum well laser, modulator, and a waveguide (shown schematically in figure 1 .5 ) 
are that the band-gap energy of the injection laser must be lower than that of a 
modulator, which in turn is lower than that of the waveguide. Several approaches
Fig. 1.5. Schematic illustration of the relative band-gap positions of laser, modu­
lator, and waveguide needed for successful photonic integration [34]
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to integration based on Q W  active layers have emerged in recent years. In most 
cases the variation of these band-gap energies on a wafer usually involves complic­
ated etch and regrowth processes which are possible in principle but difficult in 
practice [2] [35].
Another technique which is starting to generate considerable interest is the 
fabrication and integration of optoelectronic devices using the selective interdiffu­
sion of quantum well heterostructures. Selective interdiffusion, also called quantum 
well disordering, offers a planar technology which can be used to laterally integrate 
regions of different band gaps within the same epitaxial layer. By intermixing the 
quantum well and barrier material, the absorption, emission and refractive proper­
ties can be altered in a controlled manner through the resulting increase in band-gap 
energy. For example, in an InGaAs/GaAs structure this increase in energy is ob­
tained from the interdiffusion of group-III elements, indium and gallium, across the 
quantum well interfaces thus changing the potential profile of the quantum well 
from the initial (approximately) square shape to a rounded or error-function shape. 
Recently this approach has been extensively studied using a variety of intermixing 
techniques. Impurity-induced disordering (IID) [36], impurity-free vacancy diffu­
sion (IFVD) [37] and ion implantation-enhanced intermixing (IIEI) [38] have been 
successfully applied to intermix superlattices and multiple quantum wells.
There have been several methods reported in the literature that can achieve 
impurity-free vacancy disordering. The first one consists of a rapid thermal an­
nealing (RTA) cycle of samples capped with a layer of Si0 2 - It is known that the 
InG aAs/G aAs quantum well structures, for example, capped by a layer of Si0 2  and 
annealed at high temperatures for a short time show a large shifts in their photo­
luminescence emission spectrum. This has been attributed to Ga outdiffusion into 
the Si0 2  capping layer, which creates vacancies in the group-III sublattice. These
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vacancies diffuse down to the quantum well region, promoting the intermixing of 
the barrier and quantum well materials [39] [40]
• Device applications
In the field of IID, device results have followed very rapidly on the heels of process 
development. Photo-pumped laser samples were first used to study the quality of 
the disordered material [41], but buried heterostructure lasers have received the 
most attention. Impurity induced layer disordering of the active region stripe by 
Zn diffusion in AlGaAs multiple quantum wells [41] and single quantum well [42] 
laser material resulted in the first device application of IID. Laser devices with 
thresholds as low as 20 mA have been reported by this technique. These devices 
were typically fabricated on p-type substrates in order to simplify device contacting 
after performing the p-type Zn disordering diffusion. Oxide isolation stripes required 
for very narrow stripe widths resulted in a relatively complicated device processes.
Meehan et al [43] have described the first semiconductor laser diodes util­
ising IILD via Zn diffusion. However the device structure suffered from large shunt 
leakage currents around the diode active region because of the large area parasitic 
p-n junction formed by the Zn diffusion. Buried heterostructure lasers using Si- 
IID were demonstrated in 1985 [44]. The scanning electron microscope image of 
the quantum well heterostructure laser fabricated by this method is shown in fig­
ure 1 .6(a), and 1.6(b) is a magnified image of the same structure. Figure 1.7 shows 
the room temperature light emission (power) versus current of the same buried het­
erostructure laser fabricated by the Si diffusion. These devices offered the potential 
advantage of utilising the more typical n-type GaAs substrate in their fabrication. 
Figure 1.8 shows the results of accelerated aging studies performed on Si-IID buried 
heterostructure lasers [45]. The data indicate that useful device lifetimes in the tens 
of thousands of hours can be achieved.
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(a) (b)
Fig. 1.6. Scanning electron microscope image of an etched 24-/rm-wide 
Alrc//G a ^ _ ;E//A s-A lT/G a ^ _ ;z,/As-Ala;G a i_ a:As (x,f ~  0.85, xf ~  0.30, a; =  0) quantum 
well heterostructure (QW H) laser stripe (end view) defined by Si diffusion and dis­
ordering. The as-grown p-n QW H  is shown in the center (24 /im). The Si diffusion 
and disordered areas (no quantum wells) are the regions converted to n-type on the 
left and the right (a). Figure (b) is a magnified image of the left side of figure (a). 
Si0 2  deposited before the diffusion is on top, then in sequence the p-type GaAs 
cap, AlyG ax_^As (y ~  0.15) transition layer, p-type Al^/zGa-^^z/As (x,f ~  0.85) 
confining layer, undoped A l^ /G a ^ ^ /A s  (x' ~  0.30) waveguide with two Lz «  85A 
A R G a i ^ A s  (a: =  0) quantum wells, and finally the bottom n-ri/peAl^z/Ga^^z/As 
(xn ~  0.85) confining layer. The n-type Si-diffused and disordered crystal is the 
region to the left beginning at the downward arrow on top. The Si diffusion reaches 
the n-type confining layer and intermixes the GaAs quantum well (b) [44].
16
Current (m A )
Fig. 1.7. Room-temperature light emission versus current of a Si-diffused and 
disordered stripe geometry Q W H  laser grown on n-type GaAs. The threshold current 
is ~ 40  mA (670 A /c m 2) and is labelled A, with the corresponding emission spectrum 
shown just to the right. The laser spectrum at 45 mA, point B, is shown to the 
right in line with B on the L-I curve. The laser operation at B occurs at A =  8300 
A  [44].
LIFBTEST HOURS al 50 °C
Fig. 1.8. Accelerated aging study of operating characteristics of buried heterostruc­
ture lasers fabricated by Si impurity induced disordering [45].
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The compatibility of impurity-free interdiffusion (IFID) process with the 
fabrication of devices containing highly strained Ino.35Gao.65A s/G aA s multiple 
quantum well laser structure has been demonstrated by Burkner et al [46]. Cap 
layers combining electron beam evaporated Si0 2  and chemical vapour deposition of 
SiC^N were used for the interdiffusion process in the highly strained laser structure. 
Figure 1.9 shows photoluminescence spectra of the highly strained Ino.35Gao.65A s / 
GaAs laser structure. Photoluminescence energy shifts of up to 200 meV have been 
observed without strain relaxation or generation of misfit dislocations, accompan­
ied by a substantial reduction of the PL line width. In addition the IFID process 
has been successfully implemented for the fabrication of both high speed and high 
power InG aAs/G aAs multiple quantum well lasers [47]. However, until recently
Fig. 1.9. Photoluminescence spectra from as-grown and partially intermixed highly 
strained Ino.35Gao.65A s/G aA s laser structure, capped with 250 nm of SiC>2 during 
rapid thermal annealing for 15 seconds at various temperatures [47].
two key problems have prevented the IFID process from gaining wide acceptance 
outside research laboratories. First, reported photoluminescence energy shift and in­
terdiffusion coefficients vary over wide range for similar epitaxial layer structure and 
annealing conditions. Second, the measure activation energies for the interdiffusion 
process showed a large scatter between the research groups.
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Choudhury et al [48] used the impurity-free vacancy diffusion (IFVD) to par­
tially intermix an InG aAs/G aAs strained layer quantum well structure to fabricate a 
two-wavelength demultiplexing metal-semiconductor-metal (MSM) waveguide pho­
todetector. The device structure, which was grown by MBE, used by the authors 
is shown schematically in figure 1.10. The Ga vacancies required for the IFVD pro­
cess were generated in the AlGaAs layer by low-energy ion implantation through 
the GaAs cap layer. It was found that the shift in the photoluminescence peak 
absorption wavelength of the InGaAs quantum well increases with annealing tem­
perature and decreases with the ion implantation fluences (figure 1 . 1 1  (a) and (b)). 
Illuminating the photodeteetor from the top side with a white light source filtered 
through a monochromator, shows a shift of about 37 meV for the implanted section 
as compared to the unimplanted section. The authors concluded that the processing 
steps of their device are simple enough to lead towards implementation of monolithic 
integration of optoelectronic devices.
The technique of ion-induced quantum well intermixing using broad area, 
high energy (2-8 MeV As"*") ion implantation has been studied in a graded-index 
separate confinement heterostructure (GRINSCH) quantum well laser by Charbon- 
neau et al [34]. High energy implantation was used to ensure that the ion range 
be greater than the depth of the quantum well (1.9 fim) from the surface, therefore 
creating vacancies in and around the quantum well region (see figure 1.12). Photo­
luminescence energy shifted substantially for the implanted samples as compared to 
the unimplanted ones, and is shown in figure 1.13 (a). The resulting device showed a 
marked reduction in the threshold current and a substantial increase in the internal 
quantum efficiency (see figure 1 .13/6 /).
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10 nm GaAs cap 
300 nm AlGaAs (124!) 
300 nm GaAs 
.5 nm InGaAs(20%) QW 
600 nm GaAs 
nm AlGaAs(30%)
GaAs Buffer
Fig. 1.10. Schematic cross-section of the demultiplexing waveguide photodetector 
structure. The length of the implanted section is 110 pm  and that of the unimplanted 
section is 200 pm. Both sections are 100 pm between the adjacent fingers [48].
R T A  Tem perature ( ° C )
(a)
Ion Fluen ce (c m '2  )
(b)
Fig. 1 .1 1 . PL peak absorption wavelength shift of the InGaAs/GaAs quantum 
well versus annealing temperature (fluences lx lO 14 cm - 2  and annealing time of 15 
seconds) (a), and versus ion fluences (b) (annealing temperature 850 °C , annealing 
time of 15 seconds) [48].
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800 C to 950 C
. iVi
Confinementlayer
Barrier 
QW 
Barrier 
QW 
B airier
Confinementlayer
Fig. 1.12. Schematic illustration of processing steps needed to implement vacancy 
enhanced Q W  intermixing. The black closed curves represent various defects created 
by the ion implantation.
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Fig. 1.13. Energy shift of the low temperature PL emission of implanted and 
annealed Ino.23Gao.77A s/G aA s GRINSCH laser structure at various anneal tem­
peratures (a). Threshold current density (filled symbols with dashed lines) and 
inverse external efficiency (hollow symbols with solid lines) versus cavity length for 
the annealed (850 °C , 30 seconds) only (circles) and unannealed (squares) InGaAs 
GRINSCH laser structure (b) [34].
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C h a p t e r  2
L i t e r a t u r e  R e v i e w  o f  
I n t e r m i x i n g  in  L o w - d i m e n s i o n a l  I I I - V  s t r u c t u r e s
2.1  Introduction
Quantum well intermixing takes place when the elements of the semicon­
ductor interdiffuse. In III-V ternary systems the process only takes place on one of 
the sublattices, that is group-III sites in a InGaAs/GaAs system or group-V sites in a 
GaAsSb/GaAs. While in III-V quaternary systems it may need to take place on both 
sublattices, for example, the group-III and group-V sites in the InGaAs/GalnAsP. 
It is widely accepted that the diffusion in III-V semiconductors proceeds through 
native crystal defects, so that the diffusion process rate is determined by the dif­
fusion rate of these point defects and their concentrations. These defects can be 
grown-in , or they may introduced by external means.
In this chapter I will review the work of many groups on the interdiffusion 
process in III-V semiconductors. I shall start on studies on the self-diffusion of 
group-III and group-V elements in III-V compounds, which will then be followed by 
a detailed review of the intermixing process in the InGaAs/GaAs ternary system. 
Intermixing finally be reviewed in low-temperature grown structures and in the 
G aAsSb/G aAs ternary system will.
2 .2  G eneral rem arks
The theoretical understanding of diffusion in solids, including technologically 
important processes such as interdiffusion of one substance into another, require 
a firm knowledge of the underlying diffusion mechanisms. Although it is widely
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accepted that diffusion phenomena are mediated by material defects either present 
or externally induced by physical processing [49] [50], the detection and identification 
of these defects have until recently eluded researchers [51] [52]. Results from atomic 
depth profile measurements have allowed researchers to postulate several detailed
The diffusion of the group-III and group-V elements in a III-V compound 
semiconductor is known as self-diffusion. It is well known that the self-diffusion coef­
ficients are very small in III-V semiconductors and that the corresponding activation 
energy for self-diffusion can be very high. For example, the Al-Ga interdiffusion ac­
tivation energy was determined by Mei et al [54] in A lA s/G aA s structure to be 4.0 
eV. Tan and Gosele [55] measured the activation energy for group-III self-diffusion 
in undoped GaAs and obtained a value of 6 eV. The large activation energy demon­
strate the self-diffusionA©Prather unlikely process. The temperature dependence of 
the Ga self-diffusion coefficient was measured by Palfrey et al [56], for Ga diffusion 
from a Ga film on the surface of a GaAs crystal. The authors determined a diffusion 
coefficient of a form
The activation energy of 2.6 eV is much lower than the value obtained by 
Mei and Tan. However, a comparison is not straight forward since the diffusion 
experiments of Palfrey were performed on non-stoichiometric material. Furthermore, 
the residual impurity concentration in GaAs was probably different for the three 
reports. The self-diffusion of As in GaAs has been investigated by Palfrey et al [57] 
as well as by Goldstein [58]. The former group reported an activation energy of 3 eV 
for As self-diffusion . In contrast, Goldstein, estimated a value of 10.2 eV, these two 
values are drastically different. Nevertheless, measurement by Palfrey [57] indicate
mechanisms of diffusion [49] [50]. However these mechanisms are controversial and 
they fail to explain and predict the diffusion phenomena [53],
(2 .1 )
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that the As diffusion coefficient in GaAs is low, being 5.2 x 10 18 cm2/s  at 1000
°C .
The interdiffusion process in III-V semiconductors is changed drastically at 
high impurity concentrations. The drastic change in the interdiffusion process is 
illustrated in figure 2.2 (Meehan et al [41]). The figure shows an A fy G a ^ ^ A s /G a A s  
superlattice that has been disordered on the left-hand side by Si diffusion. The 
superlattice is unaffected on the right-hand side by the annealing cycle of 10 hours 
at 850 °C .
Fig. 2 .1 . Bright field transmission electron micrograph of a 40 period 
Al0.60Ga0.40A s/G aA s superlattice (Lg zz 320A,LZ ~  280A) which has been dis­
ordered into bulk AlGaAs by Si diffusion (left side). The Al0.60Ga0.40A s/G aA s su­
perlattice masked with Si3N4 has survived the 850 °C  (10 h) anneal (right side) [41].
2 .3  C om p osition al disordering in I n G a A s /G a A s  system
The first study of layer intermixing in the InGaAs system was reported by 
Laidig [59], who showed that an InGaAs superlattice (SL) structure is unstable 
against Zn diffusion. The structure studied was a 48 period of Ino.1gGao.82As SL of 
thickness 240 A grown by organometallic chemical vapour deposition (OM CVD) on
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a Te doped GaAs substrate. The SL was sealed in an evacuated fused silica ampoule 
with As and ZnAs2 as the Zn source. One portion of the SL was diffused for one 
hour at 615 °C , and the other portion for one hour at 680 °C . X-ray diffraction data 
and sputter-Auger profiling showed that the portion diffused for one hour at 615 
°C  was partially disordered, while the one at 680 °C  was totally disordered. The 
author made no attempt to quantify the observed changes.
Two years after the work of Laidig, the first quantitative study was reported 
by Jancour et al [60], who determined an In-Ga interdiffusion coefficient of 2 x l 0 ~ 18 
cm2 s - 1  at 850 °C . The structure they used was a In ^ G a ^ ^ A s/G a A s (0.13 <  x < 
0.15) SL grown at 550'°C  by MBE on (001) oriented GaAs substrate. The samples 
used were annealed in a graphite boat under flowing nitrogen, for times up to 71 
hours using double crystal X-ray rocking curve measurements and by modelling 
the satellite intensities by assuming an indium concentration profile calculated using 
the error function approach used by Chang and Koma [17].
Photoluminescence and absorption techniques were used by Govind et al [61] 
to estimate the In-Ga interdiffusion coefficient. Samples of IniCG a x _a,A s/G aA s  
(0.20 <  x <  0.24) strained superlattice grown by MBE on (100) oriented Si doped 
GaAs substrate at 520 °C  were studied. The samples were annealed in a halogen 
lamp annealing station with a protective GaAs cap layer under flowing argon. The 
anneal time and temperature were varied from 5 to 25 seconds and 850 to 950 °C , 
respectively. The authors used an error function solution to the diffusion equation 
to estimate the indium profile, and by calculating the n = l  electron to heavy hole 
transition energy for assumed values of diffusion coefficient. Using this method they 
estimated interdiffusion coefficients in the range of 10 - 1  ^ to 10 “ ^  cm2 s - 1  and an 
activation energy of 1 .2  eV for the temperature range used. In their study the au­
thors pointed out the large discrepancy between their interdiffusion values and the 
one measured by Jancour. They attributed their large values to the stoichiometry
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boundary conditions at the interfaces of the multi-layer structure to higher diffusion 
during the initial stage of annealing because of contributions from defect and/or 
compositional inhomogeneities of the interfaces. This effect was first observed by 
Seo [62] in the case of Ino.53Gao.47A s/Ino.52Alo.4gAs quantum wells.
Furtado et al [63] studied the effect of Zn concentration on the interdiffusion 
coefficient in single Ina;G a i_ a;A s/G aA s quantum wells. Their structure was grown 
by M OVPE and consist of single InicG a^_a;A s/G aA s (0.21 <  x < 0.24) with well 
widths between 80 and 100 A  on (100) oriented Si doped GaAs substrate. The Zn 
diffusion was carried out in a sealed quartz ampoule using ZnAs2 as the Zn source, for 
diffusion temperatures and times ranging from 585 to 620 °C  and 1.3 to 3.5 minutes, 
respectively. The samples were then annealed at temperatures between 650 and 785 
°C  and times between 10 and 15 minutes. Photoluminescence measurements were 
then employed to determine the interdiffusion coefficient of In-Ga as a function of Zn 
concentration. They found that the interdiffusion coefficient was strongly d e p e n d e d  
on the Zn diffusion depth. The authors attributed this to the high Zn concentration 
as the Zn diffusion depth was increased. A value of 2.33 eV for the activation energy 
of the process was determined. Their values of the interdiffusion coefficient should 
be questioned as they determined them only at one anneal time.
The effect of heat treatment on a 60 A  InrcG a i_ a,A s/G aA s quantum well 
(0.1 <  x < 0.5) was reported by Elman at el [64], The authors reported energy 
shifts of up to 120 meV after annealing of the samples at 850 °C  for 30 minutes. 
These energy shifts were strongly dependent on indium composition in the well, 
and on the relation between the thickness of heat-treated layer and the critical 
thickness for formation of dislocations. For thicknesses below the critical thickness 
normal interdiffusion at the interface was observed, while for thicknesses exceeding 
the critical thickness, indium diffusion was greatly enhanced by the presence of 
dislocations. The interesting observation was that, after annealing strain recovery
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was observed from a single quantum well with x =  0.3. The authors made no 
attempt to quantify their results.
The effect of ion implantation on the thermal stability of In ^ G a i-^ A s/G a A s  
was reported by Emil et al [65], who made shallow 75A s+  implants at 35 KeV  
into InG aAs/G aAs quantum wells grown by MBE. Rapid thermal annealing was 
performed on the implanted and unimplanted samples at 750 to 850 °C  for 15 
seconds and 825 °C  for 30 minutes, respectively. After annealing the quantum 
well transition energies, determined from peaks in the photoluminescence spectra, 
shifted significantly to higher values only in the implanted samples. The authors 
stated that the magnitude of the shifts were dependent on the quantum well width, 
rapid thermal annealing temperature and ion implantation fluences. The shifts were 
interpreted as arising from the modification of the shape of the as-grown quantum 
wells, due to enhanced indium diffusion out of the well layers in the implanted 
samples as a consequence of the in-diffusion of vacancies generated near the surface 
by the implantation process. The authors pointed out a very interesting result which 
was that, the presence of strain in the quantum wells had negligible effect on the 
intermixing process, this finding was also reported by Gillin and Dunstan [66], who 
theoretically and experimentally showed that strain has no effect upon intermixing. 
However Emil et al did not quantify their results, as no attempt to measure the 
interdiffusion coefficient was made.
The effect of annealing atmosphere was studied by Kolbas et al [67], their 
idea was to study the effect of introducing vacancies by altering the arsenic overpres­
sure during annealing. They found that the most rapid intermixing with an arsenic 
over-pressure was produced by placing about 20 mg of arsenic in an ampoule of 4 
cm3 in volume and annealing at 850 °C  for three hours. The diffusion coefficient 
was found to reduce when no arsenic was placed in the ampoule and reduced fur­
ther when about 20 mg of gallium was introduced. They attributed these results
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to the reduced formation of group II I  vacancies as the group III  vapour pressure 
during annealing was increased. They also found evidence for a dependence of the 
diffusion coefficient on indium concentration. With higher indium concentration, 
wells /mixing faster than the lower concentrations ones. The activation energy for 
the interdiffusion was also found to vary significantly for the three over-pressure 
cases. In the case of a InQ.igGaQ ggAs/GaAs well in the temperature range 810 
°C to 925 °C, the activation energies were 3.3, 2.2 and 1.6 eV for arsenic over­
pressure, no over-pressure and gallium over-pressure respectively (see figure 2.2(A). 
They also performed intermixing study in AlGaAs quantum wells. Some samples 
were capped by normal-temperature grown GaAs buffer, while other samples were 
capped by a low-temperature GaAs. They found that the samples capped with the 
low-temperature GaAs were mixing faster than the normal-temperature ones (see 
figure 2.2(B)).
The University of Surrey group including Gillin [68], Bradley [69] and Rao [70], 
made the most reliable and systematic study of layer intermixing in InrcGai_a;As/ 
GaAs system. Besides this system, this group performed intermixing studies on a 
wide range of III-V  and II-V I materials including GaAsSb/GaAs.
By assuming that the diffusion obeys Fields law, this group were able to 
determine the diffusion length as a function of anneal time for a given anneal tem­
perature. Therefore by plotting the square of diffusion length (L^) against the 
anneal time they were able to determine if their initial assumption, of Fields law 
was correct. Using this method the interdiffusion coefficient (D) could be calcu­
lated with high accuracy since the measurement was averaged over a large data set. 
This method, which will be described in more details in the next chapter, was used 
throughout the present work.
The interdiffusion of In^Gai^As/GaAs single quantum wells as a function 
of depth was studied by Gillin et al [71]. For this purpose a series of samples with
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Fig. 2.2. (A):(a) PL spectra of an InGaAs/GaAs single quantum well before and
after annealing at 850 °C  for three hours in different overpressure environments: 
curves (a) not annealed, (b) Ga overpressure, (c) no overpressure and (d) As over­
pressure, the large shifts occurred for the As overpressure case, (b) Arrhenius plot 
of the interdiffusion coefficients for different In compositions: 15% (squares), 10% 
(diamonds) and 5.7% (circles); Ga overpressure (open symbols) and As overpres­
sure (closed symbols). (B): Interdiffusion coefficients of the group-III atoms for Al- 
GaAs/GaAs quantum well (a) under Ga and (b) As overpressure, (annealed (#) and 
unannealed (*) buffer and an identical sample without an LT-GaAs buffer (o) [67]
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different well widths and indium concentrations were grown by MBE on (100) ori­
entated GaAs substrates. They found that the depth from the surface was correlated 
to an enhancement in the diffusion coefficient, with the largest diffusion coefficient 
being measured from the well closest to the surface. However, the activation energy 
was determined to be 3.0 ±  0.3 eV and was also found to be independent of the 
quantum well depth. It was suggested that the diffusion was controlled by group-III 
vacancies injected from the semiconductor/encapsulant interface. An important and 
interesting finding was that, they compared their activation energy value with the 
one measured by Palfrey [56] (being 2.6 ±  0.5 eV) for the self-diffusion of gallium 
in GaAs and suggested that the mechanism involved in the self-diffusion of gal­
lium in GaAs and in the interdiffusion of indium and gallium at hetero-junctions 
are closely related
The effect of silicon and beryllium doping on the interdiffusion process in 
both InG aAs/G aAs and A lG aA s/G aA s systems was studied by Gillin et al [72], who 
showed that neither beryllium doping of up to 2.5 x lO 19 cm- 3  in Ino.2 Gao.8A s/G aA s  
or silicon doping up to 1018 cm- 3  in either Ino.2 Gao.8A s/G aA s or Alo.2Gao.8A s / 
GaAs affect the interdiffusion coefficient when compared to undoped samples. However 
they have observed that silicon doping concentration of 6 x 1018 cm- 3  caused 
a dramatic degradation of the material quality following annealing at only 750 °C  
for 15 seconds. This degradation resulted in luminescence from the well disappear­
ing and the appearance of deep level luminescence related to donor-gallium vacancy 
complexes and arsenic anti-site defects. They also suggested that the position of the 
Fermi level plays no role in the intermixing of III-V heterostructures. This result 
contradicted the results of many workers who reported on the effect of Fermi level 
on intermixing process in III-V materials [73].
Bradley et al [74] studied the effect of ion implantation on the interdiffu- 
sion coefficient of Ino.2 Gao.8A s/G aA s quantum wells. The authors observed that
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following ion implantation, there was a very fast interdiffusion process, which was 
independent of the implanted ion. They explain this finding by relating it to the 
rapid diffusion of interstitials created during the implantation. They found no effect 
of gallium or krypton implants on the interdiffusion coefficient, however following 
arsenic implantation, they observed an enhanced region of interdiffusion with a diffu­
sion coefficient an order of magnitude greater than that of the unimplanted control 
sample. They stated that this enhancement process was due to the creation of 
group-III vacancies by the arsenic atoms. A  3.7 ± 0 .1  eV activation energy for the 
process was measured.
2 .4  Interm ixing in L ow -T em perature G row n (L T G ) layers, vacancy dif­
fusivity  and concentration
Although compositional disordering can be induced by diffusion of impurities 
from an external source or by ion implantation with subsequent annealing, as was 
shown in the previous section. The most widely used impurities, such as Be, Zn and 
Si, may also be a dopant for the host material. Thus, the disordered and the nearby 
regions may be doped with an undesirable amount of dopant impurities. To avoid 
this undesirable doping, impurity-free disordering technology (IFDT) using defect 
diffusion with Si02 cap has been studied [75] [76]. Since no impurity is involved in 
the process, the carrier concentration in the annealed and disordered regions is not 
altered to a large extent by the disordering process.
Low-temperature grown layers have found applications in the improvement 
and development of electronic and optoelectronic devices, and was discussed in de­
tails by Whitaker [9] . The use of low-temperature growth (450 °C ) A l^ G a ^ ^ A s  
short period superlattice cladding to improve the performance of InGaAs multi­
quantum well lasers was reported recently [77]. High resistivity low temperature
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GaAs (LT-GaAs) buffer [78] and surface [79] layers are becoming increasingly im­
portant. These structures have been shown to be highly resistive, which is attributed 
to the incorporation of excess arsenic [80] [81] . The excess arsenic produces group- 
III vacancies which are free to diffuse on thermal processing. The thermal stability, 
diffusivity and concentration of vacancies in these structures are of interest for both 
device processing and applications.
In an early attempt to measure the Ga vacancy diffusivity and concentration 
in GaAs, Chiang and Pearson [82], measured the electrical properties of GaAs single 
crystal after annealing at various temperatures in a controlled atmosphere. In their 
experiments two types of defects were introduced as the result of the annealing 
process, donors having a high concentration near the surface and, acceptors having 
lower surface concentration but extended further into the crystal. Their results of the 
arsenic over pressure dependencies indicate that the donors are arsenic vacancies, 
while the acceptors are gallium vacancies. Based on the experimental data and 
thermodynamic analysis the authors were able to determine the diffusion coefficient 
for both type of vacancies, and found that the gallium vacancy diffusivity follow the 
relation
The concentration of both type of vacancies were found to be temperature dependent 
following the relations
(2 .2 )
while for the arsenic vacancies it follows the relation
(2.3)
(2.4)
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for arsenic and gallium, respectively. Their results for the activation energy of 
gallium vacancies were in good agreement with that measured by Van Vechte [83], 
who estimated an activation energy of 2.59 for gallium vacancies in GaAs. The 
authors also noted that the measured diffusion coefficient of gallium vacancies at 
1000 °C  is two orders of magnitude smaller than that measured by Blanc et al [84]. 
This they attributed to the indirect measurement performed by Blanc et al whose 
value was determined from the diffusion process of Zn in GaAs.
Kahen at al [85], were able to measure the diffusivity and concentration of 
gallium vacancies based on the assumption, that the intermixing of AlGaAs based 
interfaces is enhanced by capping wafers with Si02 layers. They assumed further 
that this enhancement results from the introduction of gallium vacancies into the 
sample from the S i02 cap layer. For this purpose the authors studied the intermixing 
process in a multiquantum well of AlGaAs grown by metal-organic chemical vapour 
deposition. The samples consist of three GaAs quantum wells with different widths 
sandwiched between A R G a j—^As (x =  0.38) barriers, which were capped by a 3000 
A Si0 2  layer deposited by the chemical vapour deposition technique at 400 °C , and 
were then annealed at various temperatures and times. Using photoluminescence, 
the authors observed that the shift in the photoluminescence energy was greatest 
for the quantum well nearest to the surface and smallest for the deepest quantum 
well. The same observation of a depth dependent intermixing process was also 
observed by Guido [86]. In their attempt to extract the gallium vacancy diffusivity, 
they assume that the Al-G a interdiffusion coefficient is proportional to the gallium 
vacancy concentration. They describe the intermixing process with the following
p ± ] = 3 . 5 x l 0 18e x p ( - jM )  (2.5)
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two equations
(2.6)
9£m  9
dt dx [cvG Al,eq qx CAl
(2.7)
They defined C'v as the normalised gallium vacancy concentration, which equals
minum distribution; and D v and eq as the thermal equilibrium vacancy diffus­
ivity and interdiffusion coefficients, respectively. They then fit their experimental
and were then able to describe the gallium vacancy diffusivity by a single activ-
concentration they found its temperature dependence and could be described by
Their measured value for the activation energy of gallium vacancies is very close 
to that measured by Chiang and Pearson. However, they noted that Chiang and 
Pearson attributed the changes in the carrier concentration to the in-diffusion of 
acceptor gallium vacancies and donor arsenic vacancies, which is difficult to prove 
that these two point defects produced the changes in the carrier concentration.
The effect of low-temperature grown layers on the intermixing process was 
reported by Tsang et al [87], who used an A lcG a i_ a;A s/G aA s quantum well grown 
by MBE for their study. The authors used two sets of samples, one was capped 
with a normal growth temperature GaAs layer deposited at 580 °C , while the other 
set was capped with low growth temperature GaAs layer deposited at 200 °C . The 
two set were annealed at various temperatures and times and were characterised
data with the two unknown parameters namely D v and Cfv in equations 2.6 and 2.7,
ation energy of 2.72 eV with a prefactor (D Q) of 0.962 cm2 /s . For the vacancy
(2 .8)
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by photoluminescence measurements. For the samples capped with the normal- 
temperature GaAs, the authors solved the diffusion and Schrodinger equations to 
extract the Al-G a interdiffusion coefficient from their experimental data, while for 
the low-temperature GaAs capped samples they used the model of Kahen [85], de­
scribed above, to solve the diffusion equation. The experimental data for these 
samples were fitted for assumed values of gallium vacancy diffusivity and concen­
tration. The interdiffusion process of Al-G a was described by a single activation 
energy of 4.08 eV, while for the gallium vacancy diffusion by an activation energy 
of 2.34 eV with a prefactor (D 0) of 2.0 x 10“ 2 cm2/s . This value agreed well with 
that measured by Kahen and Chiang. However, the authors gave no information 
about gallium vacancy concentration which was used to fit their experimental data, 
moreover they measured the vacancy activation energy over three different temper­
atures while Kahen used a wider temperature range.
To our knowledge the only study concerning the effect of low-temperature 
grown layers on the thermal stability of the InGaAs/GaAs material system, was 
that of Tsang et al [88]. The authors prepared a superlattice with ten pairs of 60 
A Ino.2Gao.8A s/G aA s wells between 100 A  GaAs barriers grown by MBE. Two 
sets of samples were studied, one was capped with a 1000 A  LT-GaAs layer, while 
the other with a 1000 A  normal-temperature (580 °C ) NT-GaAs. These structures 
were then annealed at temperatures between 750 to 850 °C  for various lengths of 
times. Photoluminescence and double-crystal rocking curves were used to measure 
the interdiffusion coefficient of In-Ga. The authors showed that the samples capped 
with LT-GaAs have a higher interdiffusion coefficient than those capped with NT- 
GaAs. They explained the enhancement of intermixing in LT-GaAs capped samples 
to the injection of gallium vacancies from the cap layer. However the authors gave 
no information about the diffusivity or concentration of these vacancies.
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The effect of thickness and position of a low-temperature (LT) grown layer 
on the compositional disordering was also reported by Tsang [90]. For this purpose 
the authors used a Alo.45Gao.55As superlattice. In one structure the LT-GaAs 
layer was grown first at the bottom of the superlattice and in the other structure 
it was grown at the top of the superlattice, with different thicknesses. By using 
a photoluminescence technique the authors found that the LT-GaAs layer grown 
on the top of the superlattice was more effective in causing disordering than that 
grown at the bottom. They also found that the amount of disordering increased 
with increasing thickness of the LT-GaAs. They attributed the higher disordering 
value when the LT-GaAs was grown at the top, to the fact that the one grown at the 
bottom annealed when the superlattice was grown at the top of it, this annealing 
stage will reduce the amount of defects due to the low temperature growth. The 
authors made no attempt to quantify their results, however a selective disordering 
process has been proposed using a patterned LT-GaAs cap layer.
2 .5  Interm ixing in G a A s S b /G a A s  quantum  well structures
Unlike the diffusion on the group-III sublattice, the diffusion on the group-V 
sublattice is not well established and very few reports on the diffusion and interdif­
fusion on the group-V sublattice can be found in the literature. In-diffusion of radio 
active arsenic isotopes (76As) into GaAs was performed by Palfrey et al [91] to study 
the self-diffusion of arsenic in GaAs. 76 As was diffused into GaAs samples at knowji 
arsenic pressure in sealed capsules. After diffusion, layers were removed from the 
surface using anodic oxidation followed by oxide dissolution. The radio-tracer tech­
nique was used to obtain the diffusion profiles by measuring the 76As concentration 
by 7 -radiation counting. Diffusion coefficients at Prts2= 8 -7b atm over tbie temPer- 
ature range 1000 to 1050 °C  were found to be 5 .2x10“ ^  cm2s ~ 1 to 1 .5x 10“ ^  
em2^ 1, leading to an activation energy of the order of 3.0T0.04 eV. At P^ 4S2= 3.0
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the authors measured diffusion coefficients of 5 . 5x10“ and 9 .8 x 10“ ^  cm2s “  ^
at 1050 and 1075 °C , respectively. It was deduced from the observed arsenic pres­
sure dependence of arsenic diffusivity, that arsenic diffuses via vacancies on its own 
sublattice.
Unlike the InG aAs/G aAs and AlG aAs/G aA s, intermixing in GaAsSb/GaAs 
is not well studied. The first report on this material system was that of Homewood 
et al [92] in 1990. Strained 100 A  GaAsSb quantum wells in GaAs barriers were 
studied. Their samples were grown by molecular beam epitaxy having a nominal 
concentration of 1 2 %  Sb. The well was placed 1000 A below the sample surface 
and was grown on a 4000 A  GaAs buffer layer. Undoped samples and both p-type 
(Be) and n-type (Si) doped samples were subject to repetitive thermal annealing and 
photoluminescence measurements to determine the interdiffusion coefficient. Inter­
estingly, the authors found that the interdiffusion process was non-linear. However, 
their finding contradicts what was observed in other III-V quantum well structures 
such as InGaAs and AlGaAs.
Gillin et al [93] also studied similar structures like the ones studies by Home­
wood. The same non-linearity, as that observed by Homewood, in their measured 
interdiffusion coefficients was observed. However, the non-linear diffusion process 
reported by Homewood and Gillin may be due to fast diffusion occurring at early 
stage of annealing, which could be due to high concentration of point defect, such 
as, vacancies. These vacancies could be a result of poor growth conditions. Their 
observed photoluminescence energy shifts are very large at the first anneal time and 
tended to reduce as annealing progressed. Such an effect was observed by Tsang 
et al [87] [88] and Khreis et al [89] in studying the effect of low-temperature grown 
GaAs layer on top of the structure of Tsang and the effect of reducing the growth 
temperature of one quantum well during growth of a multi quantum well structure 
in the study of Khreis.
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R e c e n t ly  in te rd iffu s io n  in  th e  g r o u p -V  s u b la tt ic e  w as s tu d ie d  b y  E g g e r  e t 
a l [94] [95] fo r  b o t h  G a A s S b /G a A s  a n d  G a A s P /G a A s  sy s te m s . S u p e r la tt ic e s  o f  
b o t h  G a A s S b  a n d  G a A s P  w ere  s tu d ie d  u n d er  v a r iou s  a rsen ic  ov er  p ressu res. T h e  
sa m p le s  w ere  ch a ra c te r is e d  b y  s e c o n d a r y  io n  m a ss  s p e c tr o s c o p y  a n d  c a th o d o lu m in -  
e s ce n ce  s p e c tr o s c o p y . T h e  m e a su re d  d iffu s io n  o v e r  a te m p e ra tu re  ra n g e  o f  850  to  
1100  ° C  w as r e p o r te d  t o  b e  lin ea r . T h e  d iffu s io n  co e ff ic ie n t  w as o b s e r v e d  to  in ­
crea se  b y  in c re a s in g  th e  a rsen ic  o v e r  p ressu re . T h e  a u th o rs  su g g e s te d  a  c o m b in a t io n  
o f  a  v a c a n c y  d if fu s io n  m e ch a n is m  in v o lv in g  fa s t d iffu s in g  c o m p le x e s  b e tw e e n  p h o s ­
p h o ru s  (o r  a n t im o n y ) a n d  a rsen ic  v a ca n c ie s  a n d  u sed  th e  F ra n k -T u rb a ll m e ch a n ism  
t o  e x p la in  th e ir  resu lts .
Its  c le a r  th a t  th e  in te rd iffu s io n  in  th e  G a A s S b  m a te r ia l s y s te m  is n o t  w ell 
s tu d ie d  a n d  v e ry  fe w  r e p o r ts  ca n  b e  fo u n d  in  th e  lite ra tu re . T h e s e  r e p o r ts  a lso  
c o n tr a d ic t  ea ch  o th e r , a n d  m u ch  m o r e  s tu d y  o f  th e  d iffu s io n  in  th is  s y s te m  m u st b e  
u n d e r ta k e n  b e fo r e  fin a l c o n c lu s io n s  ca n  b e  d ra w n .
2 .6  Su m m ary
In  th is  ch a p te r , I h a ve  co n s id e r e d  in  s o m e  d e ta ils  th e  p r o ce s s  o f  q u a n tu m  
w ell in te r m ix in g  in  th e  I n G a A s /G a A s  m a te r ia l sy s te m , th e  e ffe c t  o f  lo w -te m p e r a tu r e  
g ro w n  la yers  a n d  in te r m ix in g  p ro ce s s  in  th e  G a A s S b /G a A s  m a te r ia l sy s te m . A s  o p ­
p o s e d  t o  e le m e n ta l s e m ic o n d u c to r s , th e  se n s it iv ity  o f  in te rm ix in g  p ro ce sse s  in  I I I -V  
m a te r ia ls  t o  th e  a n n e a lin g  c o n d it io n s , c a p p in g  layers , in t r o d u c t io n  o f  im p u r it ie s  a n d  
in  g e n e ra l t o  th e  g r o w th  c o n d it io n s , h as p r o v id e d  co n s id e ra b le  in s ig h t in to  w h ich  
d e fe c ts  m a y  b e  m o s t  im p o r ta n t  in  d if fu s io n  p ro ce sse s  a n d  in  la y er  in te rm ix in g . It 
h as b e e n  sh o w n  th a t  a  la rg e  n u m b e r  o f  resea rch  g ro u p s  have s tu d ie d  th e  in te rm ix in g  
p ro c e s s  in  I n G a A s /G a A s  a n d  o th e r  I I I -V  m a te r ia l sy s te m s , u n d e r  v a r io u s  c o n d i­
tio n s . H ow ev er , th ese  g ro u p s  a re  te n d in g  t o  a g ree  th a t  th e  in te r m ix in g  p ro ce s s  is 
s o le ly  g o v e rn e d  b y  v a ca n c ie s , e ith e r  a lre a d y  p resen t o r  e x te rn a lly  in tr o d u c e d . T h e
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large discrepancies in interdiffusion coefficients or activation energies measured by 
different groups may be mainly due to the methods employed to investigate the in­
termixing process, the annealing conditions or to the small temperature ranges over 
which many groups have collected data.
In any case, the layer intermixing process has been found to be a very use­
ful tool for device fabrication in III-V based materials. The advantages of low- 
temperature grown layers in III-V based ternary and quaternary material system is 
now well recognised. A  low-temperature growth could provide a route for selective 
intermixing in future opto-electronics devices, as well as leading to superior device 
properties as the result of low temperature growth.
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C h a p t e r  3
3.1  In trodu ction
In this chapter, the mathematical model that will be used to determine the 
interdiffusion parameters will be developed. I shall start with the diffusion equa­
tions and their solution in simple cases, after which the solution will be expan­
ded to our more complex case, and applied to both the InG aAs/G aAs and the 
G aAsSb/G aAs quantum well structure to determine the quantum well diffused pro­
file. The time-independent Schrodinger equation will than be solved for the as-grown 
(square quantum well) and the diffused well profiles to determine the n = l  electron 
to heavy-hole transition energy as a function of diffusion length (Ljj). This will 
enable the construction of a theoretical calibration graph of L jj versus photolumin­
escence energy. The experimentally measured photoluminescence shifts with respect 
to the anneal time, can then be converted into diffusion lengths from the calibration 
graph.
3 .2  T h e diffusion equations
From a macroscopic viewpoint, the description of diffusion processes is relat­
ively straightforward, atoms will diffuse from regions of high concentration in solid 
to regions of low concentration. The mathematical basis of the subject was laid by 
Fick, whose first law sets forward the hypothesis that the rate of transfer of diffusing 
particles through unit area is proportional to the magnitude of their concentration 
gradient measured normal to the area. Thus if the z axis is chosen as the direction
M a t h e m a t ic a l  M o d e l l in g  o f  In t e r m ix in g
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of a concentration gradient, the flux of atoms in the z direction, F t is given by
F = -D  (3.1)
where C(z,t) is the concentration of atoms, which depends on both time and dis­
tance, and D  is a constant of proportionality, called the diffusion coefficient. The 
negative sign on the right hand side of equation 3.1 indicates that diffusion takes 
place down the diffusion gradient, from high to low values of C. In the simplest case, 
the diffusion coefficient is constant and does not depend on the spatial position or 
on the concentration. In this case equation 3.1 is a linear differential equation of 
first order and the diffusion process is referred to as linear Fickian diffusion.
In addition to Fields first law, the continuity equation must be taken into 
account. For a one dimensional distribution that depends only on the 2: direction, 
the continuity equation is given by
Equation 3.2 states the fact that the increase (decrease) of atomic concentration in 
any volume element equals the net flow of atoms into (out of) the volume element 
per unit time. Insertion of equation 3.1 into equation 3.2 yields
d C(z,t) , ,
Equation 3.3 is a linear second-order partial differential equation known as Fick’s 
second law of diffusion.
To apply and solve equation 3.3 for quantum well structures, I shall start 
by assuming that the quantum well is infinitely thin so it represents a Dirac-delta 
function. If we assume further that D  is constant, then the solution to equation 3.3 
is just the diffused profile and will be given by the Gaussian expression
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C(z , t )  =
Co exp (3.4)
where z is the distance in either direction, C 0  is the initial concentration, D  is the 
diffusion coefficient and t is the diffusion time. It is also possible to represent the 
quantum well as a unit step function and by dividing it into an infinite number of 
Delta functions and by integration over all space we can write
2v7tDt  \ 4DtJ
C(z,t) =  [2 /rDt exp ?y2N) dr]y7T J—oo v ' (3.5)
The integral in equation 3.5 cannot be evaluated in a simple manner. However 
it is very similar to the error function, which can be written as
2 [ + oo (
erf(z) — = exp [-r]*) dr)
V7T J — OO v '
(3.6)
where erf(oo) =  1 and erf(-z) = erf(z), the exact solution for the diffused profile 
can then be given by
C(z,t) = 1  +  erf ■Y (3.7)
2 y/Dt).
for the case of an InGaAs or GaAsSb single quantum well with infinitely thick GaAs 
barriers, an exact solution to the concentration profile after diffusion in the growth 
direction C(z) can be given by
x — C(z) =  CQ- erf ( +  erf +  Z (3.8)
2y/DtJ ' V 2
where x is the concentration of the material in the well at any point zt C 0  is the 
initial indium or antimony concentration, 2h is the well width, z is the growth 
direction, Ljj =  ADt is the diffusion length and t is the anneal time. Equation 3.8 
was applied for all the quantum wells studied. The diffused profile calculated using
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equation 3 .8 , for a single Ina;G a i_ a;As quantum well of width 100 A  between GaAs 
barriers of 300 A is shown in figure 3.1.
3 .3  C alcu lation  o f the conduction and valence band profiles
In order theoretically to determine the photoluminescence transition energy 
between the conduction band minimum and the valence band maximum (the n = l  
electron to heavy-hole transition), the electronic band structure for both the as- 
grown (the square quantum well) and the diffused well of the material of interest 
must be known accurately. W hat is essential is a knowledge of the band offset 
also known as band discontinuity, band alignment, or band lineup, i.e. the relative 
position of the band edges of the semiconductor. This relative position determ­
ines the confinement of electrons and holes and depends on the composition of the 
constituent, and the amount of strain due to lattice mismatch.
• InGaAs/GaAs
For the InGaAs quantum wells, the relationship between indium composition 
in the well x and the energy gap was determined from photoluminescence of strained 
In ^ G a ^ ^ A s  single quantum wells by Lambkin [98], where the above mentioned 
effects where taken into account, was used. The strained energy gap of In ^ G a i_a;As 
in eV as a function of the indium composition across the well is given by
Eg = 1.516 -  1.214a: +  0.264a;2 (3.9)
where x is the indium composition across the well. The conduction-band to the 
valence-band offset ratio was taken in all cases to be 60:40 [99], respectively. The 
electron effective mass was calculated using a linear extrapolation between the value 
of GaAs (0.067) and InAs (0.150) [100]. The heavy-hole effective mass was taken to 
be 0.62 in all cases.
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Fig. 3.1. The evaluation of the well shape of a 100 A  Ing^GaQ sAs quantum well 
in GaAs barriers, determined by equation 3.8, for diffusion lengths of 0 A, 30 A, 60 
A and 100 A.
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• GaAsSb/GaAs
To calculate the conduction band and valence band profiles for the GaAsSb quantum 
wells, I will use two methods. The first, will be similar to that used for the InGaAs 
quantum wells. The second, I will closely follow the Model-Solid Theory of Van de 
Walle [101] and the interpolation scheme of Krijn [10 2] to determine the conduction 
and valence band profiles.
The relationship between the strained band gap of GaAsSb quantum wells 
and antimony composition obtained by Prins et al [30] from high-pressure photo­
luminescence measurements will be used. The strained energy gap in eV as a 
function of antimony composition is given by Prins eM *L 1 3g\
Eg =1 .5 1 9 1 4 - 1.908s (3.10)
where x is the antimony composition in the well. The band offset ratio between the 
conduction and valence bands was taken to be 50:50. The electron effective mass 
was linearly interpolated between values of GaAs (0.067) and GaSb (0.063). The 
heavy-hole effective mass was taken to be that of GaAs with a value of 0.35 [30]. I 
will refer to this method as the relation of Prins or method A.
The uncertainty in the GaAsSb material parameters such as the energy gap 
dependence on the antimony composition and the band offset ratio makes it worth 
considering the Model-Solid Theory of Van de Walle and the interpolation scheme 
of Krijn to calculate the conduction and valence band profiles. I will refer to this 
method as Van de Walle and Krijn method or method B.
Recently it has been recognised that, for the class of III-V semiconductors 
hetero-junctions, the band offset is largely determined by the bulk properties of 
the semiconductor constituting the hetero-junction. However, it is in general not 
possible to measure or calculate bulk band edge energy levels on an absolute scale. 
Van de Walle [101] has circumvented this problem by relating the energy levels in
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bulk semiconductors which he obtained from self consistent ab initio band structure 
calculations, to a common reference level. This reference level was chosen to be the 
average electrostatic potential in a semi-infinite ’Model-Solid”. The model-solid was 
built up from a superposition of neutral atoms which were required to mimic the 
bulk electron density. This approach also makes it possible to calculate the shifts of 
energy levels due to strain.
In lattice-mismatched quantum well heterostructures like GaAsSb/GaAs and 
InG aAs/G aAs, the mismatch between the well and barrier materials is taken up 
by uniform elastic strain if the layers are sufficiently thin [26]. In pseudomorphic 
strained-layer structures the in-plane lattice constant (ay) of the structure matches 
that of the substrate (a0) so that the quantum well layer accommodates all of 
the strain while the barrier layer is unstrained [103]. Within the critical thickness 
regime, the quantum well lattice constant parallel to the interface matches the in­
plane lattice constant by compression or expansion in the inter-facial plane. A  
tetragonal deformation also takes place so that the quantum well layer is compressed 
or expanded in the direction perpendicular to the interface [104]. The quantum well 
is coherently strained with a biaxial hydrostatic strain (ey) parallel to the inter­
facial plane and a uniaxial shear strain (ej_) perpendicular to the inter-facial plane. 
A  compressive (tensile) hydrostatic strain causes an increase (decrease) in the band 
gap energy by an amount determined by the hydrostatic deformation potential, 
defined as the shift in energy of the band edge per unit hydrostatic strain. The 
uniaxial (shear) strain disrupts the cubic symmetry of the semiconductor and lifts 
the degeneracy of the heavy-hole and light-hole band edges at the Brillouin zone 
centre F. The heavy-hole band moves towards (away from) the conduction band 
and the light-hole band moves away from (towards) the conduction band [105]. In 
addition, the presence of strain induces coupling between the light-hole valence band 
and the split-off band [106].
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After interdiffusion, the antimony concentration profile, C(z), across the 
G aAsSb/G aAs quantum well structure is taken as was given earlier to have an 
error function shape, and is given by equation 3.8. The compositional profile in the 
quantum well after interdiffusion implies that the bulk band gap, the hydrostatic 
and shear strain and the carrier effective masses or in general all the quantum well 
parameters vary continuously across the well.
Consequently, the following equations describing the quantum well paramet­
ers, will be a function of the antimony concentration across the well. The biaxial 
strain gy parallel to the plane of the interface and a uniaxial strain £j_ perpendicular 
to it are given by
where ay is given by
ay =  a0  (3.12)
and a_j_ is given by
a_|_ =  a
Where a0  is the lattice constant of the substrate material (the GaAs lattice con­
stant), a is the equilibrium lattice constant of the quantum well layer. D  is a
constant which depends on the elastic constants cy  of the quantum well layer and 
on the interface orientation. Since the growth was taking place on (100) orientated 
GaAs substrate then D  can be given by
L>100 =  2 (3.14)
G 11
The calculated ey and £j_ as a function of diffusion length Ljj across a 
GaAsSb quantum well are presented in figure 3.2.
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The effect of strain on energy levels can be decomposed into hydrostatic and
shear contributions. The hydrostatic strain component leads to a shift of the average
valence band energy, i.e. of the average of the energies of the heavy-hole, light-hole, 
and spin-orbit split-off bands and is given by
A-E^m; — av [2£|| + £ j_ ] (3.15)
and similarly for the conduction band
A E(3 = ac |^2c|| +  £j_j (3.16)
where av and ac are the hydrostatic deformation potentials for the valence band 
and conduction band, respectively. In figure 3.3 I present the calculated A Ey^ av 
and AE q y as a function of Ljj.
The shear contribution couples to the spin-orbit interaction and leads to an 
additional splitting of the valence band energies and are given by equations 3.17 
to 3.19.
& Ehh =  (3-17)
& E! h = ~ A °  + W h + 1- + A 0 SE9h + j( SEsh) 2| 2 (3.18)
_ 1
i s h  1 a  i ^ xi?sh 1A  =  - - A 0 + A  ^+ Ao(5£s,l + |(<5£:s,i)2l 2 (3.19)
The strain-dependent shift SES^  depends on the interface and for growth on 
(100) is given by
§E1 0 0 ,sh = 2b ^  __ (3 .20)
the quantity b is the tetragonal shear deformation potential.
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Fig. 3.3. The calculated A Ecy figure (a), and A Evfav figure (b), for a GaAsSb 
quantum well with a Sb concentration of 1 2 %, as a function of diffusion length Lp. 
The quantum well center is located 300 A  below the surface.
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Once Evav is known on an absolute scale, the valence band and conduction 
band edge energies Ev and Ec, respectively, are obtained on an absolute scale by 3.21 
and 3.22
Ev =  EVtav +  ±  +  A E$av +  max ( A Effc, (3.21)
Ec =  Ev,av + 4f + Eg + A  E%y (3.22)
6  V
where Ev av, A o , and Eg (band gap energy) refer to unstrained bulk properties. 
The strain contributions are incorporated in A Ey^ av, A Effo, AEfft and A EcV. 
Figure 3.4 shows the calculated Ec and Ev for a GaAsSb quantum well, as a function 
of diffusion length. The strained energy gap Egs can then be calculated as the 
difference between Ec and Ev and is given by 3.23
Egs =  Eq — Ey (3.23)
The interpolation scheme of Krijn [102] is then used to calculate the ternary 
GaAsSb quantum well parameters described by equations 3.11 through 3.23 by the 
following equation
TGaAsSb(x ) =  xBGaSb +  (4 ~ x)BGaAs +  x(x “  l)CGaAsSb (3 -24)
where T  denotes the ternary parameter to be calculated, B  is the binary parameter 
(GaAs or GaSb), and C  is a constant known as the bowing parameter. The binary 
parameters used in the calculations are given in table 3.1. Bowing parameters for en­
ergy gap at T C(Eg(T)) (1 .2 ) and spin-orbit splitting C(A 0) (0.60) for G a A si_rESba; 
were taken from Casey [107].
For the Ev^aV) the bowing parameters depends on the hydrostatic deforma­
tion potentials of the two binaries GaAs and GaSb, and can be calculated by the 
following equation
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Table 3.1.
Material parameters used to calculate the confined energy levels for the ternary 
GaAsSb/GaAs. Parameters are, Eg, the band gap energy at 80K in (eV), a is 
the lattice constant in (A), G q ,C x 2 are the elastic constants in (10 12dyn cm- 2 ), 
valence band average EV)av and hydrostatic deformation potentials av and ac(r) in 
(eV), spin-orbit splitting A 0 and shear deformation potential b in (eV), and and 
m hh are electron and heavy-hole effective masses, respectively.
Eg a G n Ev,av Ao av ac( r ) b >fcrne m hh
GaAs 1.5068 5.653 1.18 0.54 -6.92 0.34 1.16 -7.17 -1.7 0.0665 0.382
GaSb 0.8099 6.096 0.88 0.40 -6.25 0.82 0.79 -6.85 - 2.0 0.0412 0.280
where
and
Gv,av — 3 A  av
a
Cl o
A  av == av(GaSb) — av(GaAs)
Aa — a(GaSb) — a(GaAs)
3 .4  T h e tim e-independen t Schrodinger equation
(3.25)
(3.26)
(3.27)
Once the band structure for the diffused well has been determined, then it 
is possible to solve the Schrodinger equation for both the conduction and valence 
bands in order to determine the lowest confined (n = l) electron and heavy holes 
levels. The one-dimensional time-independent Schrodinger equation is
4> =  E'L (3.28)
8m*7i"2 dz^
where m* is the electron or hole effective mass, 0 is the distance in the growth 
direction, 4/ is the electron or hole wave function, V  is the potential seen by the
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electrons or holes and E  is the electron or hole confinement energy. For a square 
single quantum well this can be solved using a simple numerical method. However for 
diffused non-square wells, a numerical shooting method has been used to calculate 
the confinement energies E.
The confinement energy level is calculated by dividing the potential across
the diffused well into a number of points. It is apparent that the eigenfunction for
the confined energy levels should be symmetric about z =  0 and the potential energy
is also symmetric. This simplifies the calculations since it only has to carried out for
the range z >  0, also for the n —  1 level. From quantum theory, at z — 0 the values
of =  0 and 4/ can be assumed to be any none zero value. Assuming an initial
value for the energy level, E —  0, the value of 4/ is calculated for the potential across
the well. Since the assumed energy level is too small the value of 4/ will diverge away
from zero to +oo at large values of z. The assumed energy level is than increased
by A E, in our case was 1 meV and the calculation is repeated. The procedure is
continued until the wave-function diverges in the opposite direction. AE  is then set 
A  Eto — 2“  and ^  calculated until the direction of divergences changes again. This 
procedure reiterate until the energy step, A E, becomes less than 0.1 meV, which is 
better than the energy resolution for our experiments. This technique can be used 
to calculate the confined energy levels for any shape of well. Also, by changing the 
initial conditions, the upper energy levels can be calculated, for example, for the 
n =  2 level, by assuming =  1 and 4> =  0 at z = 0. The accuracy of this method 
was tested by comparing the results obtained for an undiffused square well, with the 
simple numerical solution to the Schrodinger equation, for a square well and a very 
good agreement was obtained.
The graph of the calculated band structure and photoluminescence energy 
for the n =  l  electron to heavy-hole transition energy for several diffusion length for 
the InG aAs/G aAs is shown in figure 3.5. In figure 3 .6(a) I show the dependence of
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the n =  1  electron to heavy-hole transition energy on diffusion length for various In- 
G aAs/G aA s single quantum wells of different thicknesses and indium compositions. 
These were plotted as a percentage shift to GaAs band edge in figure 3.6(b). It can 
be seen from this figure that the three curves for the 100 A  well width, with different 
initial indium concentrations, all coincide. It can be concluded that variations in 
the measured indium concentration in different wafers does not lead errors in the 
measured diffusion coefficient, provided that the width of the wells are the same.
The calculated PL energy for the GaAsSb single quantum well as a function 
of diffusion length is shown in figure 3.7.
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Fig. 3.5. The band structure and the calculated n = 1 electron to heavy-hole 
transition energy (the quantised energy levels) of a 100 A In0.2 Ga0.sAs quantum 
well in GaAs barriers for square well and for Lp=30, 60 and 100 A.
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(a )
(b)
Fig. 3.6. The dependence of the calculated photoluminescence transition energy 
with diffusion length for various IniCG a i_ a;As single quantum wells in GaAs barriers 
figure (a). The calculated photoluminescence energy from figure (a), re-plotted as a 
percentage shift towards the GaAs band edge. Note that quantum wells with the 
same width superimpose on top of each other regardless of indium composition in 
the well, while those quantum wells with different widths having different percentage 
shift towards the GaAs band edge.
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Diffusion length (nm)
Fig. 3.7. The calculated n — 1 electron to heavy-hole transition energy of a 100 A  
G aAsi-^Sba; quantum well in GaAs barriers as a function of diffusion length (LE ). 
The solid line represents a calculation using the method of Van de Walle and Krijn, 
while the dashed line is the calculations using the empirical relation of Prins. Note 
that at Ljj =  0 the difference between the two methods in the calculated PL energy 
is about 63 meV.
58
C h a p t e r  4
4.1 Introduction
Since the mathematical model given in chapter 3 , is based on the solution of 
the diffusion equation and the time-independent Schrodinger equation to determ­
ine the lowest n = l  electron to heavy-hole transition energy, then an experimental 
method to determine this transition is essential. A  technique that can be used is 
photoluminescence spectroscopy (PL), repetitive procedure of annealing the same 
sample followed by PL measurements, can exactly determine how the transition en­
ergy is changing with anneal time. In this chapter, a brief description of the samples 
and the apparatus used throughout this work will be given.
4.2 Growth and structure of starting material
• The InGaAs/GaAs MQWs samples
The InG aAs/G aAs samples supplied for this work were grown by molecular beam 
epitaxy (MBE) in a Vacuum Generators V80H reactor on (100) orientated GaAs 
substrate. The samples consisted of a series of multiquantum well (M Q W ) stacks. 
Each sample contained a stack of seven nominally identical quantum wells each of 
which had been grown at a different temperature. The nominal thickness of the wells 
were 100 A  and were separated by 500 A  thick GaAs barriers to provide optical and 
structural isolation between the wells. The growth temperature was adjusted during 
growth of GaAs barriers. After initial structures all the samples were grown with 
wells at real temperatures of 470 (Q W 7), 565 (Q W 6), 590 (Q W 5), 610 (Q W 4), 620
E x p e r im e n t a l  T e c h n iq u e s  a n d  P r o c e d u r e
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(Q W 3), 628 (Q W 2 ) and 636 °C  (Q W 1) grown sequentially. The temperature was 
raised during the growth of the GaAs barriers Initial substrate temperatures were 
determined by reference to the sharp C(4 x 4) to (4 x 2) transition in the surface 
reconstruction monitored by RHEED occurs at 530 °C  at a 5:1 arsenic to gallium 
flux ratio and subsequently monitored by optical pyrometer. RHEED reconstruction 
temperatures were found to vary by less than 3 °C  from the beginning to end of 
growth. To ensure consistency the substrate temperature was set under identical 
arsenic fluxes (3 x 1013 atoms cm - 2  s- 1 ) for all samples and the arsenic flux actually 
used during growth adjusted subsequently. The arsenic flux was set by measurement 
of arsenic induced RHEED oscillations. Three wafers of such samples were supplied, 
where the group-V to group-III flux ratio was different for every wafer. The flux 
ratios were varied between 5:1 to 25:1. Figure 4.1 illustrates the structure of the 
samples used in this work.
• The GaAsSb/GaAs single quantum well samples
The GaAsx—^Sb^/G aA s single quantum well samples used through the course of 
this work were grown by M BE in a Riber 2300 growth chamber at the Electronic 
and Electrical Engineering Department at the University of Manchester Institute of 
Science and Technology (UMIST). All the sample were single G a A sx ^ S b ^ /G a A s  
quantum wells of 100 A  thickness with a nominal x of 1 2 %  ±  1 as determined by 
the grower. The quantum wells were grown on GaAs (100) oriented substrate. The 
well was 300 A  below the sample surface. The structure was grown on a ^  4000 A  
GaAs buffer layer. The substrate temperature during growth was 560 °C .
4.3 Encapsulation
The incongruent evaporation of Ga and As from GaAs at temperatures in 
excess of 600 °C  makes it impossible to anneal bare GaAs samples without surface
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30 nm cap layer
Fig. 4.1. The structure of the InG aAs/G aAs multiquantum well samples used in 
this work. The wells are nominally 100 A  thick each between 500 A  thick GaAs 
barriers. The cap layer is 300 A  thick. The growth temperature of the quantum 
wells were470 °C  (Q W 7), 565 °C  (Q W 6), 590 °C  (Q W 5), 610 °C  (Q W 4), 620 
°C  (Q W 3), 628 °C  (Q W 2) and 636 °C  (Q W 1). Three such wafers with different 
group-V to group-III flux ratios were grown varying between 5:1 to 25:1.
61
degradation. It is thus necessary to encapsulate the sample with a suitable dielectric 
layer or to perform the anneal in a carefully controlled ambient. In this work all the 
samples have been encapsulated by a thin layer of dielectric Si3N4 as it was found 
to be superior to S i0 2. The Si3N4 encapsulant was grown using plasma enhanced 
chemical vapour deposition (PECVD) in a plasma technology system. The silicon 
nitride is formed by the plasma assisted reaction between silane and ammonia
3Sz# 4 +  4 M 3 — + S1 3 N 4  +  12F 2 (4.1)
This reaction, if not plasma assisted, needs a temperature of approximately 700 
°C  to proceed at a usable rate. At this temperature some interdiffusion can occur. 
However, with plasma enhancement, the deposition temperature can be reduced to 
300 °C , which was used in our work. Prior to deposition on the samples, calibration 
layers were grown on silicon and there refractive index and thicknesses were measured 
using ellipsometry. A  refractive index of 2±0 .1  was considered satisfactory and a 
thickness of 300 A  and 500 A  on the front and back surfaces respectively were 
measured.
4.4  Annealing
The anneals were carried out using a triple graphite strip heater, the schem­
atic diagram of which is presented in figure 4.2. It consists of three resistively heated 
graphite strips with the sample being placed in a hole made in the middle strip. The 
temperature being monitored using a state of the art Accufiber thermometry tem­
perature monitoring and controller system. The Accufiber in turn being controlled 
by a computer though an RS232 interface. The anneal temperature and time are 
fed to the computer which sends signals to the Accufiber controller via the interface. 
This information is stored in the Accufiber controller which starts to regulate the 
anneal temperature and time from the moment when a start anneal command is 
executed by the computer.
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Optical fiber cable
Fig. 4.2. The schematic diagram of the annealing system used throughout this work. 
Electrical current is passed though the graphite strips. The anneal temperature 
and time were controlled by an Accufiber thermometry system, which in turn was 
controlled by a computer.
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The temperature of the graphite stripes is monitored by light pipe sensor the 
signal of which is fed to the controller via an optical fibre cable. The raise and fall 
time of the annealing cycle can be controlled by the computer and was set to be 15 
seconds. The pressure inside the annealing chamber was reduced to less than 10- 1  
torr. Annealing was performed in a helium gas atmosphere. Before any anneal the 
annealer was calibrated against the melting points of gold and silver and was found 
to be accurate to about ± 1  °C .
4.5 Photoluminescence
Photoluminescence (PL) is one of the most useful and widely used technique 
for studying the optical properties of semiconductors. The detailed physical prin­
ciples of (PL) can be found in the books of Derkowitz [96] and Pankove [97]. The 
schematic diagram of the (PL) setup is shown in figure 4.3 .
The luminescence was excited using the blue 488 nm line from a Spectra 
Physics 2025 continuous wave argon ion laser. The laser beam was then passed 
through an optical chopper, which modulates the beam at 330 Hz. A reference 
signal from the chopper was fed to a lock-in amplifier. The laser beam was passed 
through an interference filter to remove the laser plasma lines. The beam was 
then semi focused on to the sample, held at 80K in an Oxford Instrument CF1204 
continuous flow cryostat. The sample being angled so that the direct reflection of 
the laser is not collected by the collimated lens. The luminescence from the sample 
was collimated before being focused onto the slits of a Spex 1704 1 meter grating 
spectrometer. The slit width used in these experiments was varied, depending on 
the intensity of the luminescence from the sample, but in most cases 500 pm was 
used, giving a resolution of approximately 8 A, equating to approximately 1 meV in 
the wavelength range of interest. The output from the spectrometer was detected
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Cryostat
Fig. 4.3. The schematic diagram of the photoluminescence experimental setup. 
The 488 nm continuous wave argon ion laser line provides the excitation power, the 
chopper provides the reference signal to the lock-in amplifier. The luminescence 
from the sample is collimated and collected by suitable lenses to the Ge detector 
via the spectrometer. The spectrometer, the lock-in amplifier and the temperature 
controller are controlled by a computer.
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using an Applied Detector Corporation Model 403 liquid nitrogen cooled Ge PIN 
diode, linked to a EG&G lock-in amplifier.
The data was collected using software, written in Microsoft Quick-basic lan­
guage, run on a personal computer. The computer regulates the temperature con­
troller, spectrometer driver and data acquisition from the lock-in amplifier via an 
IEEE-488 bus. The spectra collected had to be corrected for the wavelength re­
sponse of the system, mainly the efficiencies of the optical grating and detector. 
This was done by recording the spectra from a tungsten halogen lamp placed in 
front of the entrance slits of the spectrometer, for the full range of the detector. 
Assuming the lamp to be a perfect black body, then Planck’s law determines the 
spectral distribution
87The
exP( XTTt  1 )
(4.2)
JET
where h is Planck’s constant, c is the speed of light, K  is Boltzmann’s con­
stant, T  is the temperature of the lamp filament and A is the wavelength. The 
spectrum collected was compared^ifia curve derived from Planck’s law. From this 
a correction factor was calculated by dividing the system response by Planck’s de­
rived curve. The sample spectrum can be corrected by multiplying each point by 
the correction factor at that wavelength held in the computer’s memory.
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Wavelength (nm)
Fig. 4.4. A  typical photoluminescence spectrum from a InG aAs/G aAs multi­
quantum well, the seven peaks corresponds to the seven quantum wells in the struc­
ture.
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C h a p t e r  5
R e s u l t s
5.1 Introduction
This chapter presents the results of the repetitive thermal annealing and pho­
toluminescence experiments performed on the In ^ G a j-^ A s /G a A s multiquantum 
wells and the G aA si—^Sb^/G aA s single quantum well samples. The results are 
interpreted based on the theoretical intermixing model presented in chapter 3.
First I will show how the theoretical calibration graphs (the diffusion length 
versus photoluminescence peak shift) obtained from the solutions of both the dif­
fusion and Schrodinger equations were applied to both the InG aAs/G aAs multi- 
quantum wells and, in its section, to GaAsSb/GaAs single quantum wells. The 
results of the effect of growth temperature and group-V to group-III flux ratio on 
the intermixing process in InG aAs/G aAs multiquantum wells will then be presen­
ted. These results will provide the basis for the vacancy diffusion model, which will 
enable the determination of both the vacancy diffusion coefficient, the concentra­
tions of the vacancies induced by the low-temperature growth and the background 
concentration of vacancies in GaAs. This will be followed by the results of the study 
of the thermal interdiffusion of GaAsSb/G aAs single quantum wells.
In all cases the results will be mainly presented in forms of graphs and tables 
with minimal analysis and discussion. Detailed analysis and discussion will be given 
in the next chapter.
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5.2 Intermixing in I n ^ G a i ^ A s / G a A s  M Q W s
5.2.1  M odelling and construction of the calibration graphs
In order to determine the diffusion coefficient for intermixing, D , we assume 
that the diffusion process is concentration independent and that the diffusion coef­
ficient, D , is constant with anneal time. The quantum well profile after diffusion is 
calculated using the error function (equation 3.8) solution to the diffusion equation. 
The Schrodinger equation is then solved by the numerical shooting method for the 
as-grown and diffused quantum well to determine the confined energy levels (the n = l  
electron to heavy-hole transition energy). Using this method a graph of diffusion 
length, Ljp, versus photoluminescence energy can be constructed. The calculated 
photoluminescence energy can be plotted versus diffusion length as absolute values, 
as a peak shift, or as a percentage shift to the GaAs band edge. Such solutions are 
presented in chapter 3 in figures 3.6 (a) and (b). The error function (equation 3.8) 
solution to the diffusion equation requires a precise knowledge of the initial indium 
concentration in the well and the quantum well thickness. However, from figure 3.6 
(b) it is seen that plotting the photoluminescence energy as a percentage shift to the 
GaAs band edge requires a precise knowledge only of the quantum well thicknesses. 
This method of plotting the PL shifts as a percentage shift to the GaAs band edge 
will be discussed in the next chapter.
The Ina;G a x _a;A s/G aA s multiquantum well samples investigated throughout 
this study were designed to look at the effect of the growth temperature and group- 
III to group-V flux ratio. The growth temperatures of the wells were adjusted from 
470 °C  for the growth of Q W 7 (the deepest first grown well) to 636 °C  for the growth 
of Q W 1 (the last grown well nearest to the surface). At high growth temperatures 
it is known [16] [108] that preferential desorption of indium can lead to different 
compositions and thicknesses of the grown wells. However, Q W 7 was always grown
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at a temperature (470 °C ) well below the regime for any appreciable desorption 
and therefore provides a reference point as for as the quantum well thickness and 
compositione-r-sconcerned.
A  plot of a typical photoluminescence spectrum from an In ^ G a ^ ^ A s /G a A s  
M Q W  sample is shown in figure 5.1. This sample is taken from the wafer grown 
under a standard group-III to group-V flux ratio of 5:1. The nominal thickness and 
composition of the quantum wells in this wafer were 100 A  and 20%, respectively. 
However, as can be seen from figure 5.1 there is a shift in the PL peak position to 
higher energies for the wells grown at successively higher temperatures as a results 
of indium desorption and a consequent reduction of the indium incorporated. The 
biggest contribution to this shift is the change in the band gap of the well material 
due to desorption and the consequent change in the indium concentrations in the 
wells. There are small second order contributions to the PL shift due to the change in 
the confinement energies in the conduction and valence band wells as a result of the 
reduction in the well depths and thicknesses. These effects were taken into account 
when the compositions of the well material are calculated. The compositions of the 
quantum wells were calculated from the energies of the PL peak positions by solving 
the Schrodinger equation in the structure to obtain the ground state energies for 
the conduction and valence band wells. Applying this method iteratively' account 
fully for the second order effect on the PL peak positions of the changes of the well 
thickness due to the desorption of the indium fraction in the well. Figure 5.12 shows 
the calculated indium incorporation fraction for the quantum well in all the grown 
wafers plotted as a function of growth temperature.
Table 5.1 shows the the quantum well depths taken from the surface to the 
center of every well, the growth temperature, the PL peak energy and the calculated 
concentrations and thicknesses for all the quantum wells in the structure for the 
sample shown in figure 5.1. Having determined the wells composition and thickness
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Fig. 5.1. The photoluminescence spectra for a I n ^ G a i^ A s  M Q W  sample. The 
peaks labelled Q W 7 through Q W 1 are the seven quantum wells in the structure. 
The growth temperatures were 470, 565, 590, 610, 620, 626, and 636 °C  for Q W 7 
to Q W 1, respectively.
o.o
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Fig. 5.2. Indium incorporation fraction, calculated from the PL peak energies of 
the quantum wells in the structure by solving the Schrodinger equation, plotted as 
a function of growth temperature for all the wafers grown under the 5 :1 , 20 :1 , and 
25:1 group-V to group-III flux ratios, respectively.
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in all the wafers, the Schrodinger equation was then used to determine the n = l  
electron to heavy-hole transition energy as a function of diffusion lengths in steps of 
1  A. The calculated PL transition energies for the diffused wells were then plotted as 
a percentage shift to the GaAs band edge for every well in the structure. Figure 5.3 
shows the constructed calibration graphs for three quantum wells in the structure of 
different thicknesses and compositions plotted as a percentage shift to the GaAs band 
edge versus diffusion length. This method for the construction of the calibration 
graphs was applied for all the grown wafers and a calibration graph for every well 
in a particular wafer and for all the grown wafers was constructed accordingly.
Table 5.1.
The quantum well depths, growth temperature, PL peak energy, thicknesses and 
concentration for the sample presented in figure 5.1. The quantum well concentra­
tions and thicknesses were calculated by solving the Schrodinger equation iteratively 
in the structure to obtain the ground state energies for both the conduction and 
valence band well.
Q W 1 Q W 2 Q W 3 Q W 4 Q W 5 Q W 6 Q W 7
Depth (A) 550 1150 1750 2350 2950 3550 4150
Growth Temperature (°C ) 636 628 620 610 590 565 470
PL Energy (eV) 1.428 1.413 1.403 1.386 1.356 1.333 1.312
Concentration (%) 9.6 1 1 12 13.6 16.4 18.7 20
Thickness (A) 90 92 93 94 96 98 100
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Fig. 5.3. The percentage shift of the calculated n = l  electron to heavy hole transition 
energy towards the GaAs band edge for a In ^ G a i^ A s  quantum wells of various 
thicknesses (10, 9.4, and 9 nm), plotted as a function of diffusion length Lp. This 
graph is used to convert the PL energy shift of every well in the structure into a 
corresponding diffusion length.
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The effect of the growth temperature is studied in samples taken from the 
wafer grown at the standard group-V to group-III flux ratio of 5:1. A  single sample 
is repeatedly annealed at a given temperature, and the PL emission spectra of the 
quantum wells in the structure is monitored before and after annealing.
Typical PL (80I<) spectra from a sample before and after annealing are 
presented in figure 5.4. Figure 5.4 (a) is the PL spectrum of the as-grown sample. 
The seven peaks labelled Q W 7 to Q W 1 are the n = l  electron to heavy-hole trans­
itions corresponding to the seven quantum wells in the structure. The peak labelled 
Q W 7 is the deepest quantum well grown at 470 °C , while the peak labelled QW 1  
is the quantum well nearest to the surface grown at 636 °C . Figures 5.4 (b)-(d) 
are the PL spectra from the same sample after it was annealed at 950 °C  for 15, 
30, and 45 seconds, respectively. The thermal anneal process leads to a shift in 
the band gap emission wavelength of the material in the wells through the interdif­
fusion of wells and barriers regions. This interdiffusion leads to a modification in 
the electron and heavy-hole subband energies from an initially square well poten­
tial profile to a gradually graded (error function like) potential profile. The band 
structure and the modification of the quantised energy levels due to diffusion for an 
In z G a x ^ A s  quantum well are shown in figure 3.5. The full-width at half-maximum 
of the quantum wells emission increases with annealing time. This broadening is 
due to variations in the quantum well thicknesses and the reduction of the quantum 
confinement as the interdiffusion is taking place. It should be noted here that similar 
PL spectra to that shown in figure 5.4 (a)-(d) were obtained for the other samples 
annealed in the temperature range of 800 to 1000 °C .
The shifts in the PL emission before and after annealing were recorded and 
a graph such as that shown in figure 5.3 was used to convert the observed shifts in 
the PL luminescence of every well into a diffusion length. The determined diffusion
5.2.2 T h e  effect of g r o w t h  temperature
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IWavelength (nm)
Fig. 5.4. Photoluminescence spectra of the sample before (a) and after annealing 
at 950 °C  for 15, 30, and 45 seconds, respectively, (b)-(d). The sample is from the 
wafer grown under standard 5:1 group-V to group-III flux ratio.
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lengths of every well are squared and plotted versus anneal time for every anneal 
temperature. The calculated diffusion lengths squared for every quantum well for 
three samples annealed at three different temperatures are presented in figures 5.5
(a) and (b), and in figure 5.6. The samples in figures 5.5 (a) and (b), were annealed 
at 950 and 900 °C,respectively, while that of figure 5.6 was annealed at 800 °C . As 
L'jj = 4Dt, where Ljj is the diffusion length, D  is the diffusion coefficient, and t is 
the anneal time, if the wells were diffusing with a constant diffusion coefficient then 
we would expect to see the data points of the calculated diffusion length squared 
verses anneal time for each quantum well lying on a straight line passing through 
the origin. However, from the same three figures 5.5 (a) and (b) and figure 5.6 
it can be seen that there is a large gradient at short anneal times which indicates 
a higher diffusion coefficient. As the annealing progresses this diffusion coefficient 
reduces to an intrinsic value. It can also be seen from the same three figures that the 
amount of extra interdiffusion in the wells is a function of the wells distance from the 
deepest low-temperature grown well (Q W 7), being largest in Q W 6 , the well nearest 
to Q W 7, and smallest in Q W 1 the well furthest from QW 7. These findings will be 
analysed and discussed fully in the next chapter.
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(a)
(b)
Fig. 5.5. A  graph of diffusion length squared for all of the quantum wells, calculated 
from the photoluminescence peak shift, as a function of anneal time for a sample 
annealed at 950 °C  (a) and 900°C  (b). These sample are taken from the 5:1 grown 
wafer. The lines joining the data points are a guide to the eye.
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Anneal time (seconds)
Fig. 5.6. A  graph of diffusion length squared for all of the quantum wells, calculated 
from the photoluminescence peak shift, as a function of anneal time for a sample 
annealed at 800 °C . This sample is from the 5:1 grown wafer. The lines joining the 
data points are a guide to the eye.
78
To look at the effect of the group-V to group-III flux ratio samples from the 
other two wafers grown under 20:1 and 25:1 ratios were investigated. The results 
obtained from these samples will be compared to those obtained from samples taken 
from the wafer grown under the standard group-V to group-III flux ratio of 5:1.
Figure 5.7 show the PL (80K) spectrum from a sample before and after 
annealing. Figure 5.7 (a) is the PL spectrum from the as-grown sample, while 
figures 5.7 (b)-(d) are the PL spectra from the same sample after it was annealed 
at 800 °C for 180, 360, and 540 seconds, respectively. This sample was taken from 
the wafer grown under the 20:1 group-V to group-III flux ratio. The PL emission 
from QW7 is very weak and rapidly disappears with annealing indicative of poorer 
quality growth at 470 °C. This was also true for the majority of the other samples, 
consequently QW7 was not included in the graphs. As can be seen from figure 5.7 
the annealing process shifted the PL wavelength emission of the quantum wells in 
the structure to lower wavelengths (higher energies) as the result of the interdiffusion 
of the wells and barriers regions and the modification of the quantum confinement.
A calibration graph similar to that shown in figure 5.3 was constructed for 
this wafer, which was then used to convert the observed shifts in the PL emission 
spectra after annealing, into a corresponding diffusion length. Figures 5.8(a) and
(b) shows the diffusion length squared plotted versus anneal time for two samples 
annealed at 850 °C and 900 °C, respectively. These samples were taken from the 
wafer grown under the 20:1 group-V to group-III flux ratio.
Figures 5.9(a) and (b) are the calculated diffusion length squared plotted 
against anneal time for two samples annealed at 1000 °C and 950 °C, respectively. 
These samples were taken from the wafer grown under the group-V to group-III 
flux ratio of 25:1. It should also be noted here that similar calibration graphs to 
that shown in figure 5.3 were constructed for this wafer and the PL shifts in these
5.2.3 The effect of the flux ratio
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Wavelength (nm)
Fig. 5.7. Photoluminescence spectra of the sample before (a) and after annealing at 
850 °C for 180, 360, and 540 seconds, respectively, (b)-(d). This sample was taken 
from the wafer grown at group-V to group-III flux ratio of 20:1.
80
(a)
A n n ea l tim e (secon d s)
P>)
Fig. 5.8. A graph of diffusion length squared for all of the quantum wells, calculated 
from the photoluminescence peak shift, as a function of anneal time for a sample 
annealed at 850 °C (a) and 900°C (b) . The lines joining the data points are a 
guide to the eye. These samples were taken from the wafer grown under group-V to 
group-III flux ratio of 20:1
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samples were converted into corresponding diffusion length. It can be seen from fig­
ures 5.8(a), (b) and figures 5.9(a), (b), that the plots of the diffusion lengths squared 
versus anneal time for the wafers grown under the flux ratios of 20:1 and 25:1, re­
spectively, did not produce data points lying on a straight line passing through the 
origin. Instead as observed for the samples taken from the wafer grown under the 
standard flux ratio of 5:1 it is clear that there is a large gradient for every well at 
the early stage of annealing (first anneal time), which reduces to an intrinsic value 
as annealing progresses. It is also clear that the amount of extra interdiffusion is 
still a function of the wells distance from QW7, as it was always largest in Q W 6 
and smallest in QW1 the wells closest and furthest from QW7 respectively.
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(a)
A n n eal tim e (secon d s)
(
Fig. 5.9. A graph of diffusion length squared for all of the quantum wells, calculated 
from the photoluminescence peak shift, as a function of anneal time for a sample 
annealed at 1000 °C (a) and 950°C (b) . The lines joining the data points are a 
guide to the eye. These samples were taken from the wafer grown under group-V to 
group-III flux ratio of 25:1
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5.3 The vacancy diffusion model
5 .3 .1  M a t h e m a t ic a l  m o d e l l in g
In the previous two sections it is seen that the plots of the diffusion lengths 
squared versus anneal time does not produce data points lying on a straight line 
passing through the origin, as one would expect in intrinsic materials. Rather it 
is seen that there is a large gradient at the early stage of annealing depending on 
the anneal temperature used. These large gradients at the early stage of annealing 
indicate a higher diffusion coefficient. However, as the annealing progresses this 
diffusion coefficient reduces to an intrinsic value. It is also seen that the amount 
of extra interdiffusion in the wells is a function of the wells distance from the low- 
temperature grown quantum well (QW7), being always largest in Q W 6 (the well 
closest to QW7) and smallest in QW1 (the well furthest from QW7). For all the 
wells, however, the diffusion coefficient is tending towards a constant value as an­
nealing proceeds (i.e., the slopes are converging), the plots of the diffusion length 
squared versus anneal time becoming parallel at larger anneal times. From the plots 
of the diffusion length squared versus anneal time presented in the previous two 
sections it is possible to plot the diffusion length squared for every well at the first 
anneal time as a function of the well depth in the structure. Such a plot is presented 
for illustration in figure 5.10 for the sample annealed at 800 °C for 840 seconds.
It is widely accepted that the diffusion coefficient for intermixing is the 
product of the concentration of the diffusing point defects and their diffusivity. If the 
interdiffusion is assumed to be governed solely by vacancies then the interdiffusion 
coefficient can be expressed by the following equation
Dj — fDyNy (5.1)
where / is the correlation factor which is related to the crystal structure [116], but is 
of order unity and is ignored in our calculations, Dp is the interdiffusion coefficient,
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Fig. 5.10. The calculated diffusion length squared at the first anneal time of 840 
seconds for the sample annealed at 800 °C plotted as a function of the quantum 
well depths in the structure. The depth was taken to the center of each well. The 
line joining the data point is a guide to the eye.
Dy is th e  d if fu s io n  c o e ff ic ie n t  fo r  v a ca n c ie s , a n d  Ny is th e  r a t io  o f  v a ca n c ie s  t o  th e  
n u m b e r  o f  s ites  p resen ts . T h e  d if fu s io n  le n g th  fo r  in te rm ix in g  is g iv e n  b y
where t is the anneal time. Then by inserting equation 5.1 into equation 5.2 for Dj, 
we can rewrite equation 5.2 as the following
If the concentration of vacancies as a function of time is known, then the total 
diffusion length after a given anneal time can be expressed by
The integral in equation 5.4 is just the sum of Ny all over the anneal time t, and 
can be written as
L2Di = 4 (5.2)
L 2D i =  iD (5.3)
(5.4)
= 4 Dv Y, NVAt 
t= 0
(5.5)
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If the low-temperature grown well (QW7) in the samples studied here is 
assumed to be a source of vacancies, then the time evolution of their diffusion with 
annealing time can be expressed as the double error function solution to the diffusion 
equation, which can be given by
N v s ( zX) =  X (5.6)
where Nyg(z,t) is the vacancy concentration due to the source at the position of 
QW7 as a function of depth and time, N0 is the initial concentration of vacancies 
in the vacancy source at QW7, d is the thickness of the vacancy source, £0 is the 
depth of the vacancy source from the sample surface, t is the anneal time, and Dy 
is the diffusion coefficient for the vacancies. Equation 5.6 may not give a completely 
accurate description of the concentration profile near the surface of the sample as 
it assumes an isolated source in infinite barriers. However, as the barrier conditions 
for vacancies at the surface are not known it is the best approximation that could 
be used. In addition to the vacancy source at the position of QW7 the background 
concentration of vacancies, NyB, must also be taken into account, which may be 
a temperature activated term caused by the formation of Frankel pairs. Thus in 
equation 5.5, the concentration of vacancies in the structure is given by
Ny = Nvs + Nvb (5.7)
Hence by solving equation 5.6 and equation 5.5 simultaneously, the depth depend­
ence of the diffusion lengths squared can be determined for any required anneal time 
and temperature.
5 .3 .2  C o m p u te r  s im u la t io n  re s u lts
We first construct the mathematical model describing the evolution of the 
vacancy diffusion as a function of depth and time due to the assumed source of
8 6
vacancies at the position of the low-temperature grown well (QW7). A programme, 
written in the C code, is then used to fit the depth dependence of the diffusion 
lengths squared, at the first anneal time determined from the PL peak shift, for 
every quantum well in the structure and for the temperature range used in this 
study of 800 to 1000 °C. The summation in equation 5.5 is performed in steps of 
one second, and the concentration profile of vacancies in equation 5.6 is determined 
in steps of 1 A .
Following the evolution of the vacancy diffusion as a function of depth and 
time requires, besides the known parameter of the position of the vacancy source and 
the anneal time to which the summation in equation 5.5 be performed, a knowledge 
of the thickness of the vacancy source, the diffusion coefficient of the vacancies and, 
as given in equation 5.7, the initial concentration of vacancies in the source. Also 
required is the background concentration of vacancies in the substrate material. 
The thickness of the vacancy source at the position of QW7 is taken to have the 
same thickness as that of QW7, 100 A . Assumed values of the variables, namely the 
diffusion coefficient of vacancies, Dy, the concentration of vacancies in the source, 
Nyg, and the background concentration of vacancies in the substrate, NyE, are 
then used to to fit the experimentally determined diffusion length squared at the 
first anneal time for each well plotted as a function of depth.
Figures 5.11 (a) and (b) show the depth dependence of the diffusion length 
squared for the samples annealed in the temperature range 800 to 1000 °C. These 
samples are from the wafer grown under the standard group-V to group-III flux 
ratio of 5:1. The data points in figures 5.11 (a) and (b) are the experimentally 
determined diffusion lengths squared at the first anneal time for the quantum wells 
in the structure plotted as a function of the well depths. The solid curves joining the 
data points are the computer simulation results. The values used for the simulations 
are presented in table 5.2.
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(a)
(b)
Fig. 5.11. A graph of diffusion length squared as a function of depth for samples 
annealed at 1000, 850, and 800 °C (a) and at 900 and 950° C (b) , taken from the 
wafer grown at the 5:1 flux ratio. The solid lines through the data points in the two 
figures are the computer simulation results using values given in table 5.2.
The calculated values for the vacancy diffusion coefficient Dy, vacancy concentra­
tion in the source at QW7, Ny$, and background concentrations of vacancies, NyB , 
as a function of temperature used to fit the diffusion length squared versus depth for 
all the samples taken from the wafer grown under the 5:1 flux ratio. The vacancy 
concentrations are the ratios of the number of vacancies to the number of group-III 
sites in GaAs.
T a b le  5.2.
Flux Temperature °C Dy x 10 c m 2s 1 Nyg X 10 3 NvB xlO 5
800 0.70 4.20 0.5
850 1.60 1.25 0.5
5:1 900 14.50 1.00 0.2
950 50.00 5.0 0.4
1000 90.00 4.10 0.9
Figures 5.12 (a) and (b) are the same as figures 5.11. However, the data 
points in figure 5.12 (a) are from the samples taken from the wafer grown under 
the 20:1 group-V to group-III flux ratio, while those presented in figure 5.12 (b) are 
taken from the wafer grown under the 25:1 flux ratio. The simulation parameters for 
figure 5.12 (a) and figure 5.12 (b) are given in table 5.3 and table 5.4, respectively.
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(a)
D epth  (n m )
(b)
F ig . 5 .1 2 . A  g ra p h  o f  d if fu s io n  le n g th  sq u a re d  as a  fu n c t io n  o f  d e p th  fo r  sa m p les  
a n n e a le d  a t 8 00  ° C  a n d  900  ° C  (a) ta k e n  fr o m  th e  w a fer  g ro w n  a t a  2 0 :1  flu x  ra t io  
a n d  a t  1000  ° C  a n d  8 0 0 ° C  (b) ta k en  fr o m  th e  w a fer  g ro w n  a t a  2 5 :1  f lu x  ra t io . T h e  
s o lid  lin es  th r o u g h  th e  d a ta  p o in ts  in  th e  tw o  figu res  are th e  c o m p u te r  s im u la t io n  
resu lts  u s in g  v a lu es  g iv e n  in  ta b le  5 .3  fo r  fig u re  (a) a n d  ta b le  5 .4  fo r  f ig u re  (b).
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T h e  c a lc u la te d  v a lu es  fo r  th e  v a c a n c y  d if fu s io n  co e ff ic ie n t  D y , v a c a n c y  c o n c e n tr a ­
t io n  in  th e  s o u r c e  a t  Q W 7 , N y $ ,  a n d  b a c k g r o u n d  co n c e n tr a t io n s  o f  v a ca n c ie s , N y B , 
as a  fu n c t io n  o f  te m p e r a tu r e  u sed  t o  fit  th e  d if fu s io n  le n g th  sq u a re d  versu s  d e p th  fo r  
a ll th e  s a m p le s  ta k en  fr o m  th e  w a fer  g ro w n  u n d e r  th e  20 :1  flu x  r a t io . T h e  v a c a n c y  
c o n c e n tr a t io n s  a re  th e  r a t io s  o f  th e  n u m b e r  o f  v a ca n c ie s  t o  th e  n u m b e r  o f  g r o u p -I I I  
s ites  in  G a A s .
T a b le  5.3.
F lu x T e m p e r a tu r e  ° C D y  x  10 *2 c m 2 s 1 N y s  X 1 0 - 3 Nv b  x  1 0 “ 5
800 0 .7 0 4 .0 0 0 .5
850 1 .60 3 .1 0 0 .5
20 :1 900 14 .50 1 .60 0 .2
950 5 0 .0 0 1 .25 0 .2
1000 9 0 .0 0 7 .00 0 .9
T h e  sa m e  m a t h e m a t ic a l  m o d e l  d e s c r ib e d  earlier  is a lso  u se d  t o  fit th e  e x ­
p e r im e n ta lly  d e te r m in e d  d if fu s io n  le n g th s  sq u a re d  versu s a n n ea l t im e  a t an y  g iv en  
a n n ea l te m p e r a tu r e  a n d  fo r  a ll th e  q u a n tu m  w ells  in  th e  g ro w n  w a fers . F or  th is  
p u r p o s e  th e  w r it te n  p r o g r a m  is th e n  m o d if ie d  e n a b lin g  th e  d if fu s io n  le n g th s  sq u a re d  
v ersu s  a n n e a l t im e  t o  b e  s im u la te d .
F ig u re s  5 .1 3  (a), (b), a n d  (c) rep resen t th e  d if fu s io n  le n g th s  sq u a re d  versu s 
a n n ea l t im e  fo r  th e  q u a n tu m  w ells  in  th e  s tru c tu re . T h e  sa m p le s  in  th e se  figu res  w ere  
ta k en  fr o m  th e  w a fer  g ro w n  u n d e r  th e  s ta n d a r d  f lu x  r a t io  o f  5 :1 . T h e  sa m p le s  w ere 
a n n e a le d  a t  8 0 0 , 9 0 0 , a n d  9 50  ° C  fo r  F ig u re s  5 .1 3  (a), (b), a n d  (c), r e sp e c t iv e ly . T h e  
d a ta  p o in ts  in  th e  sa m e  fig u res  are  th e  e x p e r im e n ta lly  d e te rm in e d  d iffu s io n  le n g th s  
sq u a re d  fr o m  th e  P L  p e a k  sh ifts  o f  th e  q u a n tu m  w ells . T h e  s o lid  cu rv e s  in  th e  sa m e  
fig u res  a re  th e  c o m p u te r  s im u la t io n  resu lts  u s in g  va lu es  fo r  D y , N y g ,  a n d  N y g ,  
p re se n te d  in  ta b le  5 .2 .
F ig u re s  5 .1 4  (a) a n d  (b), a n d  fig u res  5 .1 5  (a), (b), a n d  (c), sh o w  th e  d iffu s io n  
le n g th s  sq u a re d  v ersu s  a n n e a l t im e  fo r  th e  q u a n tu m  w ells  in  th e  s tru c tu re s . T h e  
d a ta  p o in ts  in  firg u res  5 .1 4  (a) a n d  (b) a re  th e  e x p e r im e n ta lly  d e te r m in e d  d iffu s io n
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T a b le  5 .4 .
T h e  c a lc u la te d  v a lu es  fo r  th e  v a c a n c y  d if fu s io n  co e ff ic ie n t  D y , v a c a n c y  c o n c e n tr a ­
t io n  in  th e  s o u rce  a t  Q W 7 , N y g ,  a n d  b a c k g r o u n d  co n c e n tr a t io n s  o f  v a ca n c ie s , N y g ,  
as a  fu n c t io n  o f  te m p e r a tu r e  u se d  t o  fit  th e  d iffu s io n  le n g th  sq u a re d  versu s  d e p th  fo r  
a ll th e  sa m p le s  ta k e n  fr o m  th e  w a fer  g ro w n  u n d e r  th e  25 :1  f lu x  ra t io . T h e  v a c a n c y  
c o n c e n tr a t io n s  a re  th e  r a t io s  o f  th e  n u m b e r  o f  v a ca n c ie s  to  th e  n u m b e r  o f  g r o u p -I I I  
s ites  in  G a A s .
F lu x T e m p e r a tu r e  ° C D y  x  10 c m 2 s 4 N y s  X 10 - 3 % x  1 0 ~ 5
800 0 .7 0 4 .1 0 0 .4
850 3 .0 0 1 .20 0 .7
25 :1 900 14 .5 3 .70 0 .6
950 5 0 .0 3 .30 0 .5
1000 9 0 .0 3.1 0 .4
le n g th s  s q u a re d  fr o m  th e  P L  p e a k  sh ifts  o f  th e  q u a n tu m  w ells  fo r  th e  sa m p le s  ta k en  
fr o m  th e  w a fer  g ro w n  a t  th e  f lu x  r a t io  o f  2 0 :1 . W h ile  th o se  in  fig u res  5 .1 5  (a),
(b), a n d  (c) a re  fr o m  th e  w a fer  g ro w n  a t th e  f lu x  r a t io  o f  2 5 :1 . T h e  sa m p le s  o f  
figu res  5 .1 4  (a) a n d  (b) w ere  a n n e a le d  a t 850  a n d  900  ° C ,  r e sp e c t iv e ly , a n d  th o s e  in  
fig u res  5 .1 5  (a), (b), a n d  (c) w ere  a n n e a le d  a t  1000 , 950 , a n d  90 0  ° C ,  re sp e ctiv e ly . 
T h e  s o lid  cu rv e s  in  a ll th e  fig u res  a re  th e  c o m p u te r  s im u la t io n s  u s in g  v a lu es  fo r  D y , 
N y g y a n d  N y g ,  p re se n te d  in  ta b le  5 .3  a n d  ta b le  5 .4 , fo r  th e  w a fers  g ro w n  u n d er  
th e  20 :1  f lu x  r a t io  a n d  th e  2 5 :1  f lu x  ra t io , re sp e c tiv e ly .
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(a) (b)
(c)
F ig . 5 .1 3 . A  g ra p h  o f  d if fu s io n  le n g th  sq u a re d  as a  fu n c t io n  o f  a n n e a l t im e  fo r  
s a m p le s  g ro w n  u n d e r  th e  5 :1  f lu x  r a t io  a n d  a n n e a le d  a t 800  ° C  (a), 9 00  ° C  (b) a n d  
950  ° C  (c). T h e  s o lid  lin es  th r o u g h  th e  d a ta  p o in ts  in  th e  figu res  are th e  c o m p u te r  
s im u la t io n  resu lts  u s in g  v a lu es  g iv e n  in  ta b le  5 .2 .
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(a)
(b)
F ig . 5 .1 4 . A  g ra p h  o f  d if fu s io n  le n g th  sq u a re d  as a  fu n c t io n  o f  a n n ea l t im e  fo r  
sa m p le s  g ro w n  u n d e r  a  20 :1  f lu x  r a t io  a n d  a n n e a le d  a t 850  ° C  (a) a n d  900  ° C  (b). 
T h e  s o lid  lin es  th r o u g h  th e  d a ta  p o in ts  in  th e  figu res  are th e  c o m p u te r  s im u la t io n  
resu lts  u s in g  v a lu es  g iv e n  in  ta b le  5 .3 .
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(a) (b)
(c)
F ig . 5 .1 5 . A  g ra p h  o f  d if fu s io n  le n g th  sq u a re d  as a  fu n c t io n  o f  a n n e a l t im e  fo r  
sa m p le s  g ro w n  u n d e r  a  25 :1  f lu x  r a t io  a n d  a n n e a le d  a t 1000 ° C  (a), 9 50  ° C  (b) a n d  
900  ° C  (c). T h e  s o lid  lin es  th r o u g h  th e  d a ta  p o in ts  in  th e  figu res  are th e  c o m p u te r  
s im u la t io n  resu lts  u s in g  v a lu es  g iv e n  in  ta b le  5 .4 .
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T h e  c o m p u t e r  s im u la t io n s  u s in g  v a lu es  o f  D y , N y g ,  a n d  N y B  p re se n te d  in  
ta b le s  5 .2 , 5 .3 , a n d  5 .4  sh o w e d  a  v e ry  g o o d  a g re e m e n t b e tw e e n  th e  e x p e r im e n ta lly  
d e te r m in e d  d if fu s io n  le n g th s  sq u a re d  p lo t t e d  versu s  b o t h  d e p th  a n d  a n n ea l t im e  a n d  
th o s e  c a lc u la te d  b y  th e  m a t h e m a t ic a l  m o d e l  p re se n te d  ea rlier . T h e  f i t t in g  p a r a m e t­
ers o f  D y , N y g ,  a n d  N y g  w ith  th e  e x c e p t io n  o f  D y  w ere  fo u n d  to  v a ry  s lig h tly  
fr o m  w a fe r  t o  w a fe r  a n d  in  th e  sa m e  w a fer  fo r  sa m p le s  a n n e a le d  a t d iffe re n t te m ­
p e ra tu re s . T h e s e  v a r ia t io n  are  v e ry  sm a ll; h ow ev er , th e y  w ill b e  d is cu sse d  fu lly  in  
th e  n e x t  ch a p te r .
F ro m  ta b le s  5 .2 , 5 .3 , a n d  5 .4 , as th e  c o n c e n tr a t io n  o f  g r o u p -I I I  s ites  in  G a A s  
is ra 2 .2  x  1 0 22 c m - 3 , a n d  s in ce  th e  c o n c e n tr a t io n  o f  th e  b a c k g r o u n d  v a ca n c ie s  a n d  
th e  v a ca n c ie s  in  th e  s o u r c e  a t  Q W 7  is ju s t  th e  r a t io  o f  th ese  v a ca n c ie s  t o  th e  n u m b e r  
o f  s ites  p re se n t, it  is th e n  p o s s ib le  t o  th e o r e t ic a lly  ca lc u la te  th e  a c tu a l c o n c e n tr a t io n  
o f  v a ca n c ie s  in  th e  s u b s tra te  m a te r ia l a n d  in  th e  s o u rce  a t Q W 7 . T h e  b a c k g r o u n d  
c o n c e n tr a t io n  o f  v a c a n c ie s  a re  c a lc u la te d  t o  b e  ra 1 0 17 c m “ 3 , a n d  th e  c o n c e n tr a t io n  
o f  th e  in t r o d u c e d  v a ca n c ie s  as th e  resu lt  o f  th e  lo w -te m p e r a tu r e  g r o w th  in  Q W 7  to  
b e  ra 8 x  1 0 ^  c m - 3 . T h e s e  tw o  v a lu es  a g re e d  w ell w ith  v a lu es  q u o te d  fr o m  th e  
lite ra tu re  a n d  w ill b e  d is cu sse d  in  th e  n e x t  ch a p te r .
T h e  th e o r e t ic a l  d if fu s io n  c o e ff ic ie n ts  o f  v a ca n c ie s  d e te rm in e d  fr o m  th e  m a th ­
e m a t ic a l m o d e l  d e s c r ib e d  ea rlie r  t o  fit  b o t h  th e  t im e  a n d  d e p th  d e p e n d e n c e  o f  d if ­
fu s io n  le n g th s  sq u a re d  are  g iv e n  in  an  A rrh e n iu s  p lo t  in  fig u re  5 .1 6  (a). T h e  lin e  
th r o u g h  th e  d a ta  p o in ts  is th e  le a s t  sq u a res  fit , w h ich  g iv es  an  a c t iv a t io n  e n e rg y  fo r  
v a ca n c ie s  o f  3 .2 ± 0 .2  e V .
A s  th e  d if fu s io n  c o e ff ic ie n t  o f  in te r m ix in g  is g iv en  b y  D j =  D y N y  w h ere  
N y  =  N y g  +  NyB>  ^ en  k  is p o s s ib le  t o  ca lc u la te  th e  s te a d y  s ta te  in te rd iffu ­
s io n  co e ff ic ie n t  th a t  is e x p e c te d  in  th e  sa m p le s  s tu d ie d  h ere  as th e  p r o d u c t  o f  th e  
g r o w n -in  v a ca n c ie s  N y B  a n d  th e ir  d iffu s iv ity . T h e  c a lc u la te d  th e o r e t ic a l  va lu es
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fo r  th e  in tr in s ic  in te rd iffu s io n  c o e ff ic ie n ts  are p lo t t e d  in  an  A rrh e n iu s  p lo t  in  fig ­
u re  5 .1 6 /6 $  T h e  s tra ig h t  lin es  th r o u g h  th e  c a lc u la te d  va lu es  a re  th e  lea st squ ares  
fit . T h e  lea s t sq u a res  fits  g iv e s  a c t iv a t io n  en erg ies  o f  3 .3 , 3 .4 , a n d  3 .0  e V , fo r  th e  
w a fers  g ro w n  u n d e r  th e  5 :1 , 2 0 :1 , a n d  2 5 :1 , g r o u p -V  to  g r o u p -I I I  f lu x  ra t io s , re ­
sp e c t iv e ly . T h o s e  a c t iv a t io n  en erg ie s  to g e th e r  w ith  th a t  m e a su re d  fo r  th e  v a c a n c y  
d if fu s io n  are th e  sa m e  w ith in  e x p e r im e n ta l e rro r . T h is  in d ica te s  th a t  in te rd iffu s io n  
in  th e  I n G a A s /G a A s  m a te r ia l s y s te m  is g o v e rn e d  so le ly  b y  th e  a c t iv a t io n  te rm  fo r  
v a c a n c y  d iffu s io n . D e ta ils  o f  th e  a n a ly s is  a n d  d is cu ss io n  o f  th e  resu lts  p re se n te d  so  
fa r  are g iv e n  in  c h a p te r  6.
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(a)
(b)
F ig . 5 .1 6 . A n  A rrh e n iu s  p lo t  o f  th e  c a lc u la te d  v a c a n c y  d if fu s io n  co e ff ic ie n ts  (a) 
w ith  an  a c t iv a t io n  e n e rg y  o f  3 .2  e V , a n d  th e  I n G a A s /G a A s  in te rd iffu s io n  co e ff ic ie n ts  
fo r  th e  d if fe re n t w a fers . T h e  a c t iv a t io n  e n e rg y  fo r  th e  w a fer  g ro w n  u n d e r  th e  5 :1  
f lu x  r a t io  is d e te r m in e d  t o  b e  3 .3  e V , w h ile  it  w a s  d e te rm in e d  t o  b e  3 .4  a n d  3 .0  e V  
fo r  th e  th e  2 0 :1  a n d  th e  25 :1  f lu x  ra t io s , re sp e c tiv e ly .
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In  o r d e r  t o  d e te rm in e  th e  d if fu s io n  c o e ff ic ie n t  fo r  in te rm ix in g  in  th e  G a A s S b /  
G a A s  s in g le  q u a n tu m  w e ll s a m p le s , w e  a g a in  a ssu m e  th a t  th e  d if fu s io n  p r o ce s s  is 
c o n c e n tr a t io n  in d e p e n d e n t  a n d  is c o n s ta n t  w ith  a n n ea l t im e . T h e  q u a n tu m  w ell 
s h a p e  a fte r  d if fu s io n  is c a lc u la te d  b y  th e  e rro r  fu n c t io n  (e q u a t io n  3 .8 )  s o lu t io n  to  
th e  d if fu s io n  e q u a t io n . T h e  c o n d u c t io n  a n d  v a le n ce  b a n d  p ro file s  fo r  th e  a s -g row n  
a n d  d iffu se d  q u a n tu m  w e ll w ere  d e te r m in e d  b y  tw o  m e th o d s . In  th e  firs t m e t h o d , 
th e  e m p ir ic a l r e la t io n  fo r  th e  8 0 K  G a A s i —a jS b ^ /G a A s  b a n d  g a p , Eg, in  e le c tro n  
v o lt s  g iv e n  b y  P r in s  [30] w as u sed  (e q u a t io n  3 .1 0  in  ch a p te r  3 ) , th is  is re ferred  t o  
as Method A. T h e  s e c o n d  m e t h o d  th e  Model-Solid Theory o f  V a n  d e  W a lle  a n d  
th e  in te r p o la t io n  s ch e m e  o f  K r i jn  are  u sed  t o  c a lc u la te  th e  c o n d u c t io n  a n d  v a len ce  
b a n d  p ro file s , th is  s e c o n d  m e t h o d  is re fe rre d  as Method B. T h e s e  tw o  m e t h o d s  w ere  
d e s c r ib e d  in  d e ta il  in  c h a p te r  3.
T h e  a n t im o n y  c o m p o s i t io n  in  th e  w e ll w a s  d e te rm in e d  fr o m  th e  P L  p e a k  en ­
e rg y  (1 .3 8 2  e V )  fo r  th e  a s -g ro w n  s a m p le  (see  fig u re  5 .1 7 ) b y  s o lv in g  th e  S ch ro d in g e r  
e q u a t io n  fo r  a  100  A  th ic k  G a A s x - ^ S b #  in  G a A s  b a rr iers  u s in g  Method A a n d  
Method B  d e s c r ib e d  in  ch a p te r  3. F ig u re  5 .18  rep resen ts  th e  s o lu t io n  o f  th e  t im e - 
in d e p e n d e n t  S c h r o d in g e r  e q u a t io n  fo r  th e  100 A  th ick  G a A s x ^ S b a ;  (0  <  x <  2 0 ) 
in  G a A s  b a rr ie rs . F ro m  fig u re  5 .1 8  a n d  fr o m  th e  P L  p e a k  e n e rg y  fo r  th e  a s -g ro w n  
s a m p le  o f  fig u re  5 .1 7  th e  a n t im o n y  c o n c e n tr a t io n  ca n  b e  d e te r m in e d  t o  b e  9 .5 %  
u s in g  Method A a n d  1 4 .5 %  u s in g  Method B. T h e s e  va lu e  are ^ 2 .5 %  less ( Method A) 
a n d  ££2 .5%  m o r e  ( Method B), r e s p e c t iv e ly , th e n  th e  v a lu e  o f  1 2 %  d e te r m in e d  b y  th e  
g row er .
O n c e  th e  c o n d u c t io n  a n d  v a le n ce  b a n d  p ro file s  fo r  th e  a s -g ro w n  a n d  d iffu sed  
w ells  are  d e te r m in e d  , th e n  th e  t im e -in d e p e n d e n t  S ch ro d in g e r  e q u a t io n  is s o lv e d  fo r  
b o t h  th e  c o n d u c t io n  a n d  v a le n ce  b a n d  w ells  t o  g iv e  th e  n = l  e le c t r o n  t o  h e a v y -h o le
5.4 Intermixing in GaAsx^Sb^/GaAs single quantum wells
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E n ergy  (e V )
F ig . 5 .1 7 . A  p h o to lu m in e s c e n c e  s p e c tr u m  fr o m  th e  a s -g ro w n  G a A s ^ S b ^ ^  s in g le  
q u a n tu m  w e ll in  G a A  b a rr ie rs .
T h e n = l e lectron  to h eav y-h o le  transition (e V )
F ig . 5 .1 8 . T h e  c a lc u la te d  n = l  e le c t r o n  t o  h e a v y -h o le  tr a n s it io n  e n e rg y  fo r  a  100 
A  th ick  G a A s a ;S b i_ .£  (0  <  x <  0 .2 )  q u a n tu m  w ell in  G a A s  b a rr ie rs  as a  fu n c t io n  
o f  a n t im o n y  c o m p o s i t io n  in  th e  w e ll u s in g  th e  e m p ir ica l r e la t io n  o f  P r in s  a n d  th e  
Model Solid Theory o f  V a n  d e  W a lle , la b e l le d  in s id e  th e  fig u re  b y  Method A an d  
Method B , re sp e c tiv e ly .
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t r a n s it io n  en ergy . T h e  c o n s t r u c te d  c a lib r a t io n  g ra p h s  u s in g  b o t h  m e t h o d  are g iv en  
in  fig u re  5 .1 9 .
F ig u r e  5 .2 0  sh o w s  a  ty p ic a l  (8 0 K ) P L  s p e c tr a  fr o m  a  sa m p le  b e fo r e  a n d  a fter  
a n n e a lin g . T h e  cu rv e  la b e l le d  (a ) in  th e  sa m e  fig u re  is th e  P L  s p e c tr u m  fr o m  th e  
a s -g ro w n  s a m p le . T h e  cu rv e s  la b e l le d  ( b ) - ( d )  are th e  P L  s p e c t r a  fr o m  th e  sa m e 
s a m p le  a fte r  it  w as a n n e a le d  a t  75 0  ° C  fo r  120 , 240 , a n d  360  s e co n d s , re sp e c tiv e ly . 
T h e  th e r m a l a n n e a l p r o c e s s  lea d s  t o  a  sh ift  in  th e  b a n d  g a p  e m is s io n  w a v e le n g th  
o f  th e  m a te r ia l in  th e  w e ll th r o u g h  th e  in te rd iffu s io n  o f  w ell a n d  b a rr ie r  reg ion s . 
T h is  in te rd iffu s io n  le a d s  t o  m o d i f ic a t io n  in  th e  e le c t r o n  a n d  h e a v y -h o le  s u b b a n d  
en erg ies  fr o m  an  in it ia l ly  sq u a re  w e ll p o te n t ia l  p ro fi le  t o  a  g ra d u a lly  g ra d e d  (e rro r  
fu n c t io n  lik e ) p o te n t ia l  p ro file . T h e  fu ll -w id th  a t h a lf-m a x im u m  o f  th e  q u a n tu m  
w ells  e m is s io n  in crea ses  w ith  a n n e a lin g  t im e . T h is  b ro a d e n in g  is d u e  t o  v a r ia t io n s  
in  th e  q u a n tu m  w e ll th ick n e sse s  a n d  th e  r e d u c t io n  o f  th e  q u a n tu m  c o n fin e m e n t  as 
th e  in te rd iffu s io n  is ta k in g  p la ce .
T h e  sh ifts  in  th e  P L  e m iss io n  b e fo r e  a n d  a fte r  a n n e a lin g  w ere  r e c o r d e d  a n d  
th e  g ra p h s  s h o w n  in  fig u re  5 .1 9  w ere  u sed  t o  co n v e r t  th e  o b s e r v e d  sh ifts  in  th e  
P L  lu m in e s ce n ce  o f  th e  w e ll in to  a  c o r r e s p o n d in g  d iffu s io n  le n g th . T h e  d e te rm in e d  
d if fu s io n  le n g th s  u s in g  th e  tw o  cu rv e s  la b e l le d  A  a n d  B  o f  fig u re  5 .1 9  w ere  th en  
sq u a re d  a n d  p lo t t e d  versu s  a n n e a l t im e  fo r  e v e ry  a n n ea l te m p e r a tu r e  as it  is sh ow n  
in  fig u res  5 .2 1 /a /  a n d  (b). A s  ca n  b e  seen  fr o m  figu res  5 .2 1 /a /  a n d  /& /, th e  p lo ts  
o f  Ljj v ersu s  t fo r  a ll th e  te m p e r a tu r e s  y e ild e d  d a ta  p o in ts  ly in g  o n  s tra ig h t  lin es 
p a ss in g  th r o u g h  th e  o r ig in . T h is  in d ic a te s  th a t  th e  d if fu s io n  c o e ff ic ie n t  a t an y  p a r ­
t ic u la r  a n n e a l te m p e r a tu r e  is c o n s ta n t  w ith  a n n ea l t im e  w h ich  m e a n s  th a t  th e  in it ia l 
a s s u m p tio n  o f  F ie ld s  s e c o n d  la w  is o b e y e d . T h e  s lo p e  o f  th e  s tra ig h t  lin es  jo in in g  a 
p a r t ic u la r  se t o f  d a ta  p o in ts  a t  a  g iv e n  te m p e r a tu r e  g ives  th e  d if fu s io n  c o e ff ic ie n t  o f  
in te rm ix in g .
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F ig . 5 .1 9 . T h e  c a lc u la te d  n = l  e le c t r o n  t o  h e a v y -h o le  tr a n s it io n  en erg y , p lo t t e d  as 
a  P L  p e a k  sh ift , in  m e V , as a  fu n c t io n  o f  d if fu s io n  le n g th  u s in g  th e  tw o  m e th o d s  
n a m e ly  Method A , w h ich  u ses th e  e m p ir ic a l r e la t io n  o f  P r in s , a n d  Method B , w h ich  
uses th e  V a n  d e  W a lle  Model Solid Theory a n d  th e  in te r p o la t io n  s ch e m e  o f  K r ijn . 
D e ta ils  o f  th e  tw o  m e t h o d s  w ere  p re se n te d  in  ch a p te r  3.
E n e r g y  ( e V )
F ig . 5 .2 0 . P h o t o lu m in e s c e n c e  s p e c t r a  o f  th e  sa m p le  b e fo r e  (a ) a n d  a fte r  a n n e a lin g  
at 75 0  ° C  fo r  1 20 , 2 4 0 , a n d  360  s e co n d s , r e sp e c t iv e ly , ( b ) - ( d ) .
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T h e  c a lc u la te d  d if fu s io n  c o e ff ic ie n ts  o f  b o t h  figu res 5 .21  (a) a n d  (b) a re  g iv en  
in  ta b le  5 .5 . A s  ca n  b e  seen  th e re  are sm a ll d iffe ren ces  in  th e  c a lc u la te d  d iffu s io n  
co e ff ic ie n ts  u s in g  b o t h  m e t h o d s  A  a n d  B . T h e s e  d iffe ren ces  are d u e  t o  th e  d iffe r ­
en ces  in  th e  m e t h o d  u sed  t o  c a lc u la te  th e  c o n d u c t io n  a n d  v a le n ce  b a n d  s tru c tu re , 
w h ich  re s u lte d  in  d if fe re n t v a lu es  o f  d if fu s io n  le n g th s  in  th e  c a lib r a t io n  g ra p h  (see  
fig u re  5 .1 9  .
T h e  c a lc u la te d  d if fu s io n  c o e ff ic ie n ts  u s in g  b o t h  m e t h o d  A  a n d  B  are  p lo t t e d  
in  an  A rrh e n iu s  p lo t  in  fig u re  5 .2 2 . T h e  s tra ig h t  lin es jo in in g  th e  d a ta  se ts  are th e  
lea st sq u a re s  fit  w h ich  g a v e  an  a c t iv a t io n  e n e rg y  o f  2.1  e V  u s in g  M e t h o d  A  a n d  2 .3  
e V  u s in g  m e t h o d  B . T h e s e  w ill b e  d is cu sse d  in  d e ta ils  in  th e  n e x t  ch a p te r .
T a b le  5 .5 .
T h e  c a lc u la te d  d if fu s io n  co e ff ic ie n ts  fr o m  th e  lea st squ ares  fit  o f  th e  d a ta  p o in t  in  
fig u re  5 .21  (a) u s in g  Method A a n d  fig u re  5 .2 1 /6 /  u s in g  Method B.
T e m p e r a tu r e
° C
Method A 
D  x  1 0 ~ 16 c m 2 s " 1
Method B 
D  x  1 0 “ c m 2 s ~ *
7 00 0 .0 5 0 .0 6
7 5 0 0 .32 0 .40
800 0 .6 0 0 .9 0
850 1 .50 3 .00
900 2 .2 0 4 .1 0
950 4 .0 0 7 .0 0
1000 15 .0 4 0 .0
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Anneal time (seconds) 
(a)
e
3 ,
§
■5toon
Anneal time (seconds)
(b)
F ig . 5 .2 1 . A  g ra p h  o f  d if fu s io n  le n g th s  sq u a re d  fo r  th e  sa m p le s  a n n e a le d  in  th e  
t e m p e r a tu r e  ra n g e  75 0  t o  1000  ° C  c a lc u la te d  fr o m  th e  P L  p e a k  sh ift  u s in g  Method 
A (a), a n d  u s in g  Method B (b). T h e  s tra ig h t  lin es  jo in in g  th e  d a ta  p o in ts  in  th e  tw o  
figu res  a re  th e  lea st sq u a re  fit  t o  th e  d a ta  p o in ts  a t  ev ery  te m p e r a tu r e , th e  s lo p e  o f  
w h ich  is ju s t  th e  d if fu s io n  co e ff ic ie n t  fo r  in te r m ix in g  o f  A s -S b  a to m s .
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F ig . 5 .2 2 . A n  A rrh e n iu s  p lo t  o f  th e  in te rd iffu s io n  c o e ff ic ie n ts  o f  G a A s S b /G a A s  
q u a n tu m  w ells  b e tw e e n  70 0  ° C  a n d  1000  ° C .  T h e  lea st sq u a res  fit  o f  th e  d a ta  set 
o f  Method A g iv e  an  a c t iv a t io n  e n e rg y  o f  2.1  e V , a n d  th a t  fo r  Method B gave  an  
a c t iv a t io n  e n e rg y  o f  2 .3  e V .
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Chapter 6
6 .1  In t r o d u c t io n
T h is  ch a p te r  p resen ts  fu r th e r  a n a ly s is  a n d  d is cu ss io n  o f  th e  resu lts  p resen ted  
in  th e  p r e v io u s  ch a p te r . T h e  resu lts  w ill b e  a n a ly se d  a n d  d is cu sse d  w ith  re fe ren ce  
t o  th e  d a ta  a v a ila b le  in  th e  lite ra tu re .
F irs t ly , p h o to lu m in e s c e n c e  as a  te ch n iq u e  a n d  th e  m a th e m a t ic a l  m o d e l  n ee d e d  
fo r  th is  te ch n iq u e  t o  b e  e m p lo y e d  in  m e a su r in g  in te rd iffu s io n  in  h e te r o s tr u c tu r e s  a n d  
q u a n tu m  w ells  w ill b e  a n a ly se d , d is cu sse d , a n d  c o m p a r e d  w ith  re fe re n ce  t o  o th e r  
te ch n iq u e s  a n d  m e t h o d s  a v a ila b le  fo r  m e a su r in g  in ter  d iffu s io n . A n a ly s is  a n d  d is ­
cu ss io n  o f  th e  resu lts  o b ta in e d  fr o m  s tu d y in g  th e  e ffe c t  o f  th e  g r o w th  p a ra m e te rs  
(g r o w th  te m p e r a tu r e  a n d  g r o u p -V  t o  g r o u p -I I I  f lu x  r a t io )  o n  th e  in te r m ix in g  p ro ce ss  
in  th e  I n G a A s /G a A s  M Q W  sa m p le s  w ill b e  g iv e n  n e x t . T h is  w ill b e  fo l lo w e d  b y  th e  
v a c a n c y  d if fu s io n  m o d e l , w h ich  e n a b le s  th e  d e te r m in a t io n  o f  b o t h  th e  v a c a n c y  d iffu s ­
iv ity  a n d  c o n c e n tr a t io n s . F in a lly , th e  in te r m ix in g  p ro ce ss  o n  th e  g r o u p -V  s u b la tt ic e  
in  th e  G a A s S b /G a A s  q u a n tu m  w ells  w ill b e  d is cu ssed .
6 .2  M e a s u r in g  in te r d i f fu s io n  in  q u a n tu m  w e l l  s tru c tu re s
F r o m  a  m a c r o s c o p ic  v ie w  p o in t , th e  d e s c r ip t io n  o f  d if fu s io n  p ro ce s s e s  is re la t­
iv e ly  s tr a ig h t fo r w a r d , a to m s  w ill d if fu se  fr o m  re g io n s  o f  h ig h  c o n c e n tr a t io n  in  so lid  t o  
r e g io n s  o f  lo w  c o n c e n tr a t io n . T h is  ca n  b e  p ic tu r e d , fo r  e x a m p le , in  an  In a;G a x _ ;EA s  
q u a n tu m  w ell s tr u c tu r e  in  G a A s  b a rr ie rs  b y  th e  d iffu s io n  o f  in d iu m  fr o m  th e  w ell 
t o  th e  b a rr ie r  r e g io n s  a n d  th e  d if fu s io n  o f  g a ll iu m  fr o m  th e  b a rr ie rs  t o  th e  w e ll re­
g io n , as ca n  b e  seen  in  ch a p te r  3 in  fig u re  3 .1 . H en ce , it  is sa id  th a t  in te rd iffu s io n
A n a l y s i s  a n d  D i s c u s s i o n
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o f  In -G a , o r , in te rd iffu s io n  o n  th e  g r o u p -I I I  s u b la t t ic e , is ta k in g  p la ce . T h is  c o u ld  
e a s ily  b e  e x te n d e d  t o  p ic tu r e  in te rd iffu s io n  p ro ce s s e s  o n  th e  g r o u p -V  s u b la t t ic e , as 
it  is th e  ca se  in  G a A s i ^ S b z  q u a n tu m  w ell s tru c tu re s  in  G a A s  b a rr ie rs , o r , o n  b o t h  
g r o u p -I I I  a n d  g r o u p -V  s u b la t t ic e  in  a  q u a te rn a ry  sy s te m , i f  c o n c e n tr a t io n  g ra d ien ts  
o n  b o t h  s u b -la t t ic e s  a re  p resen t.
T h is  p ro c e s s  ca n  b e  d e s c r ib e d  m a t h e m a t ic a l ly  b y  s o lv in g  th e  lin ea r  s e c o n d - 
o rd e r  p a r t ia l d if fe re n tia l e q u a t io n  (e q u a t io n  3 .3 ) k n o w n  as Fick’s second law of dif­
fusion. T h e  g en era l s o lu t io n  t o  F ie ld s  s e c o n d  law , w h en  a p p ly in g  it  t o  q u a n tu m  w ell 
s tru c tu re s , is  g iv e n  b y  th e  fo l lo w in g  e q u a tio n :
(6.1)
w h e re  C g  is th e  c o n c e n tr a t io n  o f  d if fu s in g  sp e c ie s  in  th e  b a rr ie rs , Cyy is  th e  c o n ­
c e n tr a t io n  o f  d if fu s in g  s p e c ie s  in  th e  w e ll, 2 h is th e  w e ll th ick n ess , z  is th e  d e p th  
w ith  th e  w e ll c e n tre  a t z =  0, a n d  L p  is th e  d iffu s io n  le n g th  w h ich  is g iv en  b y :
—  4 Dt (6*2)
w h ere  D  is th e  d if fu s io n  co e ff ic ie n t  a n d  t is th e  a n n e a l t im e . E q u a t io n  6 .1  ca n  b e  
a p p lie d  t o  d e te rm in e  th e  c o n c e n tr a t io n  p ro file  o f  a n y  q u a n tu m  w e ll s tru c tu re  a t  an y  
p o in t  a cro ss  th e  w e ll fo r  a n y  g iv en  Ljj, p r o v id in g  th a t  th e  in it ia l c o n c e n tr a t io n  o f  
th e  d iffu s in g  sp e c ie s  a re  k n o w n , as w a s  sh o w n  in  fig u re  3 .1 . S o lv in g  e q u a t io n  6.1  fo r  
Ld  a n d  u s in g  e q u a t io n  6 .2  t o  p lo t  th e  d e p e n d e n c e  o f  o n  t m u st y ie ld  a  s tra ig h t 
lin e  p a ss in g  th r o u g h  th e  o r ig in  w ith  a  s lo p e  o f  D. H en ce , in  u s in g  th is  m a th e m a t ic a l  
m o d e l  in  s tu d y in g  in te rd iffu s io n  in  q u a n tu m  w ell s tru ctu re s , it  is a ssu m e d  th a t  th e  
d if fu s io n  p ro c e s s  is c o n c e n tr a t io n -in d e p e n d e n t  a n d  th a t  th e  d if fu s io n  c o e ff ic ie n t  D 
is c o n s ta n t  w ith  a n n e a l t im e .
In  q u a n tu m  w ell s tru c tu re s  th e  a s -g ro w n  w e ll sh a p e  is a ssu m e d  t o  b e  sq u a re , 
th a t  is, th e  c o n c e n tr a t io n  o f  th e  m a te r ia l in  th e  w e ll d ro p s  sh a rp ly  in  th e  barriers .
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T h is  is in d e e d  th e  ca se  a llo w e d  b y  th e  a d v a n ce s  in  th e  g ro w th  te ch n iq u e s  su ch  as 
M B E  [10] a n d  M O C V D  [25]. I f  th e  w e ll p a ra m e te rs , su ch  as, th e  e n e rg y  g a p , e ffe c t iv e  
m a sses , a n d  b a n d  o ffse t  r a t io s  a re  k n o w n  as a  fu n c t io n  o f  th e  w e ll c o m p o s i t io n , th en  
th e  c o n d u c t io n  a n d  v a le n ce  b a n d  p ro file s  in  th e  w e ll c o u ld  b e  ea s ily  c o n s tr u c te d . 
T h e r e  are  a v a ila b le  r e la t io n s h ip s  b e tw e e n  th e  c o m p o s it io n  in  th e  w e ll a n d  its  en erg y  
g a p  as w e ll as k n o w n  e ffe c t iv e  m a sses  a n d  b a n d  o ffse t  ra tio s . S u ch  r e la t io n s  m a y  b e  
h ig h ly  a c c u r a te  as in  th e  I n ^ G a i ^ A s  q u a n tu m  w ells  in  G a A s  b a rr ie rs  [98], o r  m a y  
b e  n o t  w e ll e s ta b lis h e d  as it  is th e  ca se  in  G a A s ^ ^ S b x  w ells  in  G a A s  b a rr ie rs  [30]. 
In  a n y  ca se  th e  Model Solid Theory o f  V a n  d e  W a lle  [101] a n d  th e  in te r p o la t io n  
sch e m e  o f  K r i jn  [102] c o u ld  b e  u sed  t o  d e te rm in e  th e  b a n d  s tru c tu re  fo r  a n y  te rn a ry  
o r  q u a te rn a ry  sy s te m  t o  su ffic ien t a c cu ra cy . O n c e  th e  b a n d  s tr u c tu r e  is k n ow n , 
th e  t im e -in d e p e n d e n t  S ch ro d in g e r  e q u a t io n  (e q u a t io n  3 .2 8 ) c o u ld  b e  s o lv e d  fo r  b o t h  
th e  c o n d u c t io n  a n d  v a le n ce  b a n d  w ells  t o  g iv e  th e  c o n fin e d  e n e rg y  lev e ls  (th e  n = l  
e le c t r o n  t o  h e a v y -h o le  t r a n s it io n  e n e r g y ). T h is  w as sh o w n  in  ch a p te r  3 , in  fig u re  3 .5 , 
w h ere  th e  b a n d  s tr u c tu r e  a n d  th e  q u a n t ise d  en e rg y  leve ls  fo r  th e  a s -g ro w n  an d  
d iffu se d  I n ^ G a i - ^ A s  w ells  in  G a A s  b a rr ie rs  w a s g iven . It is th e n  c le a r  fr o m  th e  
a b o v e  a n a ly s is  th a t  th e o r e t ic a lly  it  is p o s s ib le  t o  m o n it o r  th e  c o n c e n tr a t io n  o f  th e  
m a te r ia l in  th e  w e ll as a  fu n c t io n  o f  d if fu s io n  le n g th s  in  s te p s  o f  as lo w  as 1 A . T h e n  
s o lv in g  th e  S c h r o d in g e r  e q u a t io n  fo r  e v e ry  d if fu s io n  le n g th  a llow s  th e  c o n s t r u c t io n  o f  
th e  so  c a lle d  c a l ib r a t io n  g ra p h  fr o m  w h ich  th e  a n n ea l t im e  c o u ld  b e  e a s ily  c o n v e r te d  
in to  c o r r e s p o n d in g  d if fu s io n  le n g th , as ca n  b e  seen  in  ch a p te r  3 fr o m  fig u re  3.6(a) 
a n d  (b).
T h e r e  is a  ra n g e  o f  a v a ila b le  o p t ic a l  te ch n iq u e s , su ch  as, p h o to lu m in e s c e n c e , 
p h o t o -a b s o r p t io n , p h o to -r e f le c ta n c e , a n d  c a th o d o lu m in e s c e n c e , a llo w in g  th e  th e  n = l  
e le c t r o n  t o  h e a v y -h o le  t r a n s it io n  e n e rg y  t o  b e  m ea su red  in  I I I -V  q u a n tu m  w ell s tru c ­
tu res . It is th e n  p o s s ib le  b y  u s in g  th e se  te ch n iq u e s  t o  c o r re la te  a n y  ch a n g e  in  th e  c o n ­
fin ed  e n e rg y  lev e ls  d u e  t o  a n n e a lin g , w ith  th e  th e o r e t ic a l d if fu s io n  m o d e l  d e s c r ib e d
108
ea rlie r , a l lo w in g  th e  in te rd iffu s io n  p ro c e s s  t o  b e  m e a su re d . A m o n g  th e  o p t ic a l  te ch ­
n iq u es  a v a ila b le  fo r  m e a s u r in g  in te rd iffu s io n , p h o to lu m in e s c e n c e  is th e  m o s t  w id e ly  
u sed  [72] [74] [109] a lth o u g h  a b s o r p t io n  [61], r e fle c ta n ce  [110], a n d  c a th o d o lu m in e s -  
c e n ce  [111] h a v e  a lso  a ll b e e n  u sed .
T h r o u g h o u t  th is  w o rk  p h o to lu m in e s c e n c e  is u sed  to  m o n it o r  th e  P L  p ea k  
sh ifts  d u e  t o  a n n e a lin g . T h e  P L  p e a k  sh ifts  are  th e n  c o n v e r te d  in to  a  c o r r e s p o n d in g  
d iffu s io n  le n g th  b y  a p p r o p r ia te ly  c o n s tr u c te d  c a lib r a t io n  g ra p h s  u s in g  th e  a b o v e  
a n a ly se d  m a t h e m a t ic a l  m o d e l . H o w e v e r , s in ce  th is  m e t h o d  re lies  o n  th e  a ssu m p tio n  
th a t  th e  d if fu s io n  p r o c e s s  is F ick ia n  w ith  a  c o n c e n tr a t io n  in d e p e n d e n t  d iffu s io n  
co e ff ic ie n t , p e r fo r m in g  a  s in g le  a n n e a l is in su ffic ien t t o  ch eck  th e  v a lid ity  o f  th is  
a s s u m p tio n . In d e e d  th is  w as d o n e  b y  a  n u m b e r  o f  g ro u p s  [112] [67] a n d  s u p p o s e d ly  
te s te d  th e  F ie ld s  la w  a s s u m p tio n . P e r fo r m in g  ju s t  a  s in g le  a n n ea l d o e s  n o t  te s t  th e  
F ic k ’s la w  a s s u m p tio n  as th e re  are an  in fin ite  n u m b e r  o f  s tra ig h t lin es  th a t  c o u ld  b e  
p a sse d  th r o u g h  a  cu rv e  d e fin e d  b y  s in g le  p o in t  a n d  it  ca n  n o t  b e  ta k en  fo r  g ra n te d  
th a t  th e  lin e  w ill p a ss  th r o u g h  th e  o r ig in . T h e  a c c u r a c y  o f  th e  m e a su re d  d iffu s io n  
co e ff ic ie n t  b y  th ese  g ro u p s  is th u s  p la c e d  in  q u e s t io n . In  th is  w o rk  a  n u m b e r  o f  
a n n ea ls  w ere  p e r fo r m e d  o n  a  s in g le  s a m p le  a t  a  g iv e n  te m p e r a tu r e  a n d  P L  p e a k  
sh ifts  w ere  m o n it o r e d  a n d  r e c o r d e d  a fte r  ea ch  a n n ea l. A s  th e  a s s u m p tio n  u sed  
in  th e  m o d e l  is th a t  th e  d if fu s io n  le n g th  is a  s q u a r e -r o o t  fu n c t io n  o f  a n n ea l t im e  
(Ljj =  4 D t) . I t  is p o s s ib le  t o  ch e ck  th is  a s s u m p tio n  b y  p lo t t in g  Ljj a g a in s t  a n n ea l 
t im e  a n d  lo o k in g  fo r  a  lin ea r  d e p e n d e n c e . A s  w e ll as p r o v id in g  a  c o n s is te n c y  ch eck  
o n  th e  e x p e r im e n ta l m e t h o d , a n d  s ta t is t ic a lly  m o re  re lia b le  d a ta , th is  p lo t  a lso  
h a s  th e  a d v a n ta g e  th a t  it  a llo w s  o n e  t o  see  w h e th e r  th e re  are  a n y  t im e  d e p e n d e n t  
d if fu s io n  p ro ce sse s  o c c u r r in g , su ch  as m a y  o c c u r  d u e  t o  p o o r  su r fa ce  e n ca p s u la t io n  
c a u s in g  th e  in je c t io n  o f  d if fu s io n  m e d ia t in g  p o in t  d e fe c ts  fr o m  th e  su r fa ce . In d eed  
it is th is  sa m e  m e t h o d  w h ich  a llo w s  us t o  in v e s t ig a te  th e  e ffe c t  o f  v a ca n c ie s  d u e  to
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th e  lo w -te m p e r a tu r e  g ro w n  w e ll o n  th e  in te rd iffu s io n  p ro ce s s  w h ich  w ill b e  a n a ly se d  
fu lly  la te r  in  th is  ch a p te r .
F or  th e  I n z G a j ^ A s  M W Q  sa m p le s  a  c a lib r a t io n  g ra p h  o f  d if fu s io n  le n g th  
versu s th e  p e r c e n ta g e  P L  p e a k  sh ift  to w a rd s  th e  G a A s  b a n d  e d g e  w as c o n s tr u c te d  fo r  
ev e ry  w a fer  a n d  fo r  e v e ry  q u a n tu m  w ell in  th e  s tru c tu re s , as w as s h o w n  in  fig u re  5 .3  
in  c h a p te r  5. T h is  is d o n e  b e c a u s e  fo r  th e  ra n g e  o f  g r o w th  te m p e r a tu r e s  u sed  
fo r  th e  g r o w th  o f  th e  w e lls , p a r t ic u la r ly  a t h ig h  te m p e ra tu re s , a p p r e c ia b le  in d iu m  
d e s o r p t io n  o c c u r s . T h is  d e s o r p t io n  o f  in d iu m  n o t  o n ly  lea d s  t o  w ells  h a v in g  d iffe ren t 
c o m p o s i t io n s  b u t  a lso  t o  th in n e r  w e lls  as th e  g r o w th  te m p e ra tu re  w a s in cre a se d . In  
In a; G a i _ rEA s  q u a n tu m  w ells  in  G a A s  b a rr ie rs  a n d , s in ce  th e  b a rr ie r  e m iss io n  en erg y  
t o  w h ich  th e  d iffu se d  q u a n tu m  w ell is te n d in g , is w ell d e fin ed , b e in g  th a t  o f  th e  
G a A s  b a n d  e d g e  (1 .5 1 6  e V  u sed  in  o u r  c a lc u la t io n s ) , th is  p r o v id e s  a  m e a n s  t o  p lo t  
th e  d if fu s io n  le n g th  v ersu s  th e  p e r c e n ta g e  sh ift  o f  th e  P L  p e a k  sh ift  to w a rd s  th e  G a A s  
b a n d  e d g e . T h e  v a r ia t io n s  o f  th is  p e r c e n ta g e  sh ift  fo r  th e  I n G a A s /G a A s  sy s te m  is 
in d e p e n d e n t  o f  th e  in it ia l in d iu m  c o n c e n tr a t io n s  in  th e  w ells  p r o v id e d  th a t  th e  w ells  
h a v e  th e  sa m e  th ick n e ss . T h is  w a s p r o v e d  a n d  g iv en  in  fig u re  3 .6(a) a n d  (b), w h ere  
I sh o w  c a l ib r a t io n  g ra p h s  fo r  a  ra n g e  o f  I n ^ G a i ^ A s  q u a n tu m  w ells . A s  ca n  b e  
seen  fr o m  fig u re  3 .6 , w h e n  th e  P L  p e a k  sh ifts  w ere  p lo t t e d  as a  p e r c e n ta g e  sh ift  t o  
th e  G a A s  b a n d  e d g e , th e  g ra p h s  o f  th e  q u a n tu m  w ells  w ith  th e  sa m e  th ick n esses  
a n d  d iffe re n t c o m p o s it io n s  s u p e r im p o s e d  o n  t o p  o f  e a ch -o th e r . T h is  m e t h o d  w ill 
h a v e  th e  im p a c t  o f  r e d u c in g  th e  e rro rs  in  th e  ca lc u la te d  d if fu s io n  le n g th s . H en ce , 
th e  e rro rs  d u e  t o  v a r ia t io n s  in  q u a n tu m  w e ll c o m p o s it io n s  a cro ss  o u r  s a m p le  are 
n e g lig ib le  b y  u s in g  th is  m e t h o d . A lth o u g h  th e  v a r ia t io n s  in  q u a n tu m  w e ll th ick n esses  
d u e  t o  in d iu m  d e s o r p t io n  are  ta k e n  in to  a c c o u n t  w h e n  th e  c a lib r a t io n  g ra p h s  w ere  
c o n s t r u c te d  (see  fig u re  5 .3 ) .
T h e  m o d e l  a n a ly s e d  a n d  d is cu sse d  so  fa r  re lie d  o n  th e  a s s u m p tio n  th a t  th e  
d if fu s io n  p r o c e s s  is c o n c e n tr a t io n  in d e p e n d e n t . T h e r e  is s o m e  e v id e n c e  p re se n te d  in
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th e  lite ra tu re  s h o w in g  th a t  th e  d if fu s io n  p r o ce s s  d o e s  n o t  o b e y  F ie ld s  s e c o n d  law  
b u t  it  is c o n c e n tr a t io n  d e p e n d e n t , as w a s r e p o r te d  b y  C h a n g  a n d  K o m a  [17], w h o  
u sed  A u g e r  p r o fi l in g  te ch n iq u e  t o  p ro fi le  G a A s /A lA s  h e te ro s tru c tu re . In  p r in c ip le  
th is  te c h n iq u e  a llo w s  m e a su re m e n ts  o f  a to m ic  c o n c e n tr a t io n  p ro file s , h ow ev er , it  is 
p o s s ib le  th a t  th e  in te r m ix in g  ca u se d  b y  th e  s p u tte r  e ro s io n  ca n  p e r tu r b  th e  m ea su red  
p ro file . In  a d d it io n  th e  te ch n iq u e  ca n  n o t  b e  u sed  in  th e  e a r ly  s ta g e  o f  in te rm ix in g  
w h ere  th e  d e g re e  o f  in te r m ix in g  is v e ry  sm a ll. It  is p o s s ib le  th e n  th a t  th e  o b s e rv a t io n  
o f  C h a n g  a n d  K o m a  m a y  h a v e  b e e n  d u e  t o  th e  lim ite d  r e s o lu t io n  in h e re n t in  th e  
te ch n iq u e  th e y  u se d  w h ich  le d  th e m  t o  b e lie v e  th a t  th e  in te r m ix in g  w a s c o n c e n tr a t io n  
d e p e n d e n t .
T h e r e  are a lso  m a n y  m e t h o d s  u sed  th r o u g h o u t  th e  lite ra tu re  t o  d e te rm in e  th e  
w e ll sh a p e  a fte r  d if fu s io n . A m o n g  th e se  m e t h o d s  s e co n d a ry  io n  m a ss  s p e c t r o s c o p y  
(S IM S ) [33] a n d  tra n s m is s io n  e le c t r o n  m ic r o s c o p y  (T E M )  [113] a re  th e  m o s t  w id e ly  
u sed . T h e  m a in  a d v a n ta g e  a s s o c ia te d  w ith  th e  S IM S  te ch n iq u e  is th a t  it  ca n  b e  u sed  
t o  lo o k  a t th e  d e p th  d e p e n d e n c e  o f  in te r m ix in g  w h ich  is u se fu l in  s a m p le s  w h ich  h ave 
b e e n  io n  im p la n te d  [114]. I t  a lso  h as th e  a d v a n ta g e  th a t  it  ca n  b e  u sed  t o  c o r re la te  
th e  d if fu s io n  o f  d o p a n t  im p u r it ie s  w ith  in te rd iffu s io n  [54]. N e v e rth e le ss , m o s t  o f  th e  
s tu d ie s  u s in g  S IM S  are n o t  q u a n t ita t iv e , a  ty p ic a l  e x a m p le  is th e  w o rk  o f  D o d is z  [33]. 
In  h is w o rk , D o d is z  im p la n te d  Si a n d  A l  io n s  in to  an  A lG a A s /G a A s  M Q W  stru ctu re . 
A fte r  a n n e a lin g  th e  S i im p la n te d  sa m p le s  w ere  fo u n d  t o  h ave  in te rd iffu se d  m o r e  th a n  
fo r  th e  A l  im p la n te d  on e s , h o w e v e r , n o  q u a n t ita t iv e  d a ta  w a s g iv e n . T h e  m a jo r  
d is a d v a n ta g e  o f  S IM S  as a  t o o l  fo r  q u a n t ify in g  in te rd iffu s io n  p ro ce s s e s  is th a t  in  
s a m p le s  w h ere  th e  la t t ic e  c o m p o s i t io n  va ries  w ith  d e p th , su ch  as in  M Q W s , la rg e  
errors  ca n  o c c u r  s in ce  th e  s p u tte r in g  ra tes  a n d  io n  y ie ld  fo r  th e  d if fe re n t m a ter ia ls  
ca n  d iffe r  s ig n ifica n tly . In  tra n s m is s io n  e le c t r o n  m ic r o s c o p y  (T E M )  th e  r e s o lu t io n  is 
m u ch  h ig h e r  th a n  th a t  o f  S IM S . H o w e v e r , s a m p le  p re p a r a t io n  is d if f ic u lt  a n d  t im e
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c o n s u m in g . In  a d d it io n  it  is d e s tr u c t iv e , as is th e  ca se  in  S IM S , so  fo l lo w in g  th e  
e v o lu t io n  o f  th e  d if fu s io n  w ith  t im e  o n  th e  sa m e  sa m p le  is im p o s s ib le .
In  th is  s tu d y  P L  w a s u sed  t o  m o n it o r  h o w  th e  n = l  e le c t r o n  t o  h e a v y -h o le  
tr a n s it io n  e n e rg y  ch a n g e s  w ith  a n n e a lin g  d u e  t o  th e  in te rm ix in g  o f  w e lls  a n d  b a rriers . 
T h e  P L  w ere  u sed  t o  o b ta in  d if fu s io n  le n g th  v a lu es  fr o m  th e  c a lc u la te d  c a lib r a t io n  
g ra p h s , a ssu m in g  F ie ld s  la w  is o b e y e d . M u lt ip le  a n n ea ls  a n d  P L  m e a su re m e n ts  w ere  
d o n e  o n  th e  sa m e  s a m p le . A c c u r a t e  a n d  r e p r o d u c ib le  c o n tr o l o f  a n n e a l t im e  an d  
te m p e r a tu r e  w as re q u ire d . T h e  g r a p h ite  s tr ip  a n n ea ler  u sed  in  th is  s tu d y , as w as 
d e s c r ib e d  in  c h a p te r  4  , w as fo u n d  t o  g iv e  su ffic ien t c o n tr o l  o f  b o t h  p a ra m e te rs . 
M o r e o v e r , th e  fu rn a ce  w as re g u la r ly  c a lib r a te d  a g a in st th e  m e lt in g  p o in ts  o f  g o ld , 
s ilv e r , z in c , a n d  a lu m in iu m  a n d  w as a lw a y s  fo u n d  to  b e  a c cu ra te  t o  ± 1  ° C .
6 .3  In t e r m ix in g  in  I n G a A s / G a A s  M Q W s :  th e  e ffe c t o f  g r o w th  p a r a ­
m e te rs
T o  s tu d y  th e  e ffe c t  o f  b o t h  g r o w th  te m p e r a tu r e  a n d  g r o u p -V  t o  g r o u p -I I I  f lu x  
r a t io , th re e  I n ^ G a x —^ A s  M W Q s  w a fers  w ere  s u p p lie d . T h e  w a fers  d if fe r  o n ly  in  th e  
flu x  r a t io  u sed  d u r in g  g ro w th . O n e  w a fer  w as g ro w n  at th e  s ta n d a rd  5:1  g r o u p -V  to  
g r o u p -I I I  f lu x  r a t io , w h ile  th e  o th e r  tw o  w ere  a t 20 :1  a n d  2 5 :1 . T h is  w ill e n a b le  an y  
v a r ia t io n s  d u e  t o  th e  f lu x  r a t io  in  th e  m e a su re d  w a fers  to  b e  o b s e rv e d . T h e  q u a n tu m  
w ells  in  th e  w a fers  w ere  g ro w n  a t  te m p e r a tu r e s  ra n g in g  fr o m  47 0  ° C  fo r  th e  first 
g ro w n  d e e p e s t  q u a n tu m  w ell (Q W 7 )  t o  63 6  ° C  fo r  th e  la st g ro w n , n ea rest t o  th e  
su r fa ce  w e ll (Q W 1 ) .  T h e  q u a n tu m  w ells  w ere  se p a ra te d  b y  500  A  G a A s  b a rriers  
p r o v id in g  s tr u c tu r a l a n d  o p t ic a l  is o la t io n  b e tw e e n  th e  w ells . T h is  w ill  e n a b le  any 
e ffe ct  o n  th e  in te rd iffu s io n  p ro c e s s  d u e  t o  th e  g r o w th  te m p e r a tu r e  t o  b e  o b se rv e d .
In  fig u res  5 .5 (a) a n d  (b) a n d  fig u re  5 .6  I sh o w  g ra p h s  o f  d if fu s io n  len g th s  
sq u a re d  v ersu s  a n n e a l t im e  fo r  s a m p le s  a n n e a le d  a t d iffe ren t te m p e r a tu r e s  a n d  tak en  
fr o m  th e  w a fer  g ro w n  u n d e r  th e  5 :1  flu x  ra t io . T h e  P L  p e a k  sh ifts  d u e  t o  a n n ea lin g
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w ere  c o n v e r te d  in to  a  c o r r e s p o n d in g  d iffu s io n  le n g th  b y  a  g ra p h  su ch  as th a t  sh ow n  
in  fig u re  5 .3 . T h e s e  w ere  th e n  sq u a re d  a n d  p lo t t e d  versu s a n n ea l t im e . A c c o r d in g  to  
th e  m a t h e m a t ic a l  m o d e l  w e  are  u s in g , a n d  as L2D =  4 Dt, i f  th e  w ells  w ere  d iffu s in g  
w ith  a  c o n s ta n t  d if fu s io n  co e ff ic ie n t  th e n  w e w o u ld  e x p e c t  to  see th e  d a ta  p o in ts  fo r  
e a ch  q u a n tu m  w e ll ly in g  o n  a  s tra ig h t  lin e  p a ss in g  th ro u g h  th e  o r ig in , as w a s  o b se rv e d  
in  in tr in s ic  I n G a A s /G a A s  m a te r ia ls  b y  m a n y  w ork ers  [68] [69] [70]. H o w e v e r , fr o m  
th e  fig u res  p re se n te d  in  s e c t io n s  5 .2 .2  a n d  5 .2 .3  o f  th e  p re v io u s  c h a p te r , it  ca n  b e  
seen  th a t  th e re  is a  la rg e  g ra d ie n t  a t th e  e a r ly  s ta g e  o f  a n n e a lin g  w h ich  in d ica te s  
in it ia l fa s t  d if fu s io n  is o c c u r r in g . A s  th e  a n n e a lin g  p rog resses  th is  fa s t  d iffu s io n  
re d u ce s  t o  an  in tr in s ic  v a lu e . I t  ca n  a lso  b e  seen  th a t  th e  a m o u n t  o f  th a t  in it ia l fa st 
in te rd iffu s io n  in  th e  w ells  is a  fu n c t io n  o f  th e  w e ll d is ta n ce  fr o m  th e  w e ll g ro w n  a t  470  
° C  ( Q W 7 ) ,  as th e  g re a te s t  in te rd iffu s io n  w as seen  in  Q W 6  th e  w e ll n e a re s t t o  Q W 7 , 
a n d  s m a lle s t  in  Q W 1  th e  w e ll fu r th e s t  fr o m  Q W 7 . F or a ll th e  w e lls , h o w ev er , th e  
in te rd iffu s io n  co e ff ic ie n t  is te n d in g  to w a rd s  a  c o n s ta n t  v a lu e  as a n n e a lin g  p ro c e e d s  
( i .e ., th e  s lo p e s  a re  c o n v e r g in g ) , th e  p lo t s  b e c o m in g  p a ra lle l a t lo n g e r  a n n ea l tim es . 
T h is  o b s e r v a t io n  w as tru e  re g a rd le ss  o f  th e  f lu x  r a t io  u sed  d u r in g  th e  g r o w th  o f  th e  
w a fers  as w as s h o w n  in  fig u res  5 .8 (a) a n d  (b) a n d  figu res 5 .9 (a) a n d  (b).
It  is n o w  w id e ly  a c c e p te d  th a t  in te rd iffu s io n  in  I I I -V  h e te ro s tru c tu re s  an d  
q u a n tu m  w ells  m u st p r o c e e d  th r o u g h  th e  m o v e m e n t  o f  p o in t  d e fe c ts  in  th e  c ry s ta l. 
T h e r e fo r e  th e  in te rd iffu s io n  ra te  m u st b e  a  fu n c t io n  o f  th e  d if fu s iv ity  o f  th ese  p o in t  
d e fe c ts  a n d  th e ir  c o n c e n tr a t io n . T h e s e  p o in t  d e fe c ts  c o u ld  b e  th e r m a lly  g e n e ra te d , 
c r e a te d  d u r in g  th e  c r y s ta l g r o w th  (g r o w n -in )  o r  th e y  c o u ld  b e  in d u c e d  b y  e x tern a l 
m ea n s . In d e e d  th is  a rg u m e n t  h as b e e n  u sed  w id e ly  t o  e x p la in  v a r ia t io n s  in  m ea s­
u red  d if fu s io n  co e ff ic ie n ts  u n d e r  d iffe re n t c o n d it io n s . K o lb a s  e t a l [67], fo r  e x a m p le , 
d e m o n s tr a te d  th a t  a n n e a lin g  an  I n ^ G a i - ^ A s /G a A s  q u a n tu m  w ells  u n d e r  g a lliu m  
o v e r  p ressu re  re su lte d  in  low er  in te rd iffu s io n  co e ff ic ie n ts  as c o m p a r e d  t o  th e  sa m e  
s tru c tu re  b e in g  a n n e a le d  u n d e r  a rse n ic  o v e r  p ressu re . T h e  a u th o rs  th e n  s ta te d  th a t
113
th e  g r o u p -I I I  in te rd iffu s io n  c o e ff ic ie n t  in  I n ^ G a i ^ A s  w ill b e  p r o p o r t io n a l  t o  th e  
g r o u p -I I I  d e fe c ts  (g r o u p -I I I  v a ca n c ie s ) r e su lt in g  in  h ig h er  in te rd iffu s io n  u n d e r  th e  
a rsen ic  r ich  c o n d it io n , w h e re  g r o u p -I I I  v a ca n c ie s  are c re a te d  a t  th e  sa m p le s  su rfa ce .
T h e  lo w -te m p e r a tu r e  g r o w th  o f  I I I - V  s tru c tu re s  h a ve  d e m o n s tr a te d  b y  m a n y  
w ork ers  [85] [82] [87] t o  c o n ta in  a  h ig h  c o n c e n tr a t io n  o f  ex cess  a rsen ic . T h is  ex cess  
a rse n ic  p r o d u c e s  g r o u p -I I I  v a ca n c ie s  (G a  v a ca n c ie s ) . T h e s e  h ig h  c o n c e n tr a t io n s  o f  
g a ll iu m  v a ca n c ie s  are free  t o  d iffu se  u p o n  h e a t  t r e a tm e n t . T h e  d if fu s io n  co e ff ic ie n t  
o f  g a ll iu m  v a ca n c ie s  in  G a A s  w as r e p o r te d  t o  b e  v e ry  h ig h  [85] [82]. C h ia n g  an d  
P e a rs o n  [82], fo r  e x a m p le , d e te rm in e d  th e  g a ll iu m  v a c a n c y  d if fu s io n  co e ff ic ie n t  fr o m
 I Q  Q ___ __1
e le c t r ic a l m e a su re m e n ts  a n d  fo u n d  it  t o  b e  »  10 c m 4 s V
It is c le a r  th e n  th a t  th e  in it ia l fa s t  d if fu s io n  seen  in  a ll th e  m e a s u re d  sa m p les  
is ca u se d  b y  th e  e x ce ss  a rse n ic  p r o d u c e d  as a  resu lt  o f  th e  lo w -te m p e r a tu r e  g row n  
w ell Q W 7 . A fte r  g r o w th  o n e  w o u ld  e x p e c t  t o  h ave  ex cess  a rsen ic  in  th a t  w ell 
b e c a u s e  th e  g r o w th  te m p e r a tu r e  w as w e ll b e lo w  th e  s ta n d a rd  g r o w th  on es . It  is 
d u r in g  a n n e a lin g  th a t  th is  e x ce ss  a rse n ic  d isso lv e s  in to  th e  G a A s  la yers  t o  p r o d u c e  
th e  g a ll iu m  v a ca n c ie s . S in ce  th ese  v a ca n c ie s  h a ve  a  h ig h er  d if fu s io n  co e ff ic ie n t , it  
is e x p e c te d  th e y  w ill e n h a n ce  th e  in te rd iffu s io n  a t th e  ea rly  s ta g e  o f  a n n ea lin g . 
H o w e v e r , a t  s o m e  la te r  a n n ea l t im e  th e  e x ce ss  v a ca n c ie s  w ill s im p ly  d iffu se  u n til 
th e ir  c o n c e n tr a t io n  is r e d u c e d  to  th e  b a c k g r o u n d  va lu e  r e d u c in g  th e  in it ia l fa st  
in te rd iffu s io n  t o  a  s te a d y  s ta te  v a lu e , as w a s seen  in  a ll th e  m e a su re d  sa m p le s . It  is 
th e n  ea sy  t o  p ic tu r e  w h y  th e  c a lc u la te d  d iffu s io n  len g th s  sq u a re d  w ere  h ig h e st, in  
a ll m e a su re d  w a fers , fo r  Q W 6  a n d  lo w e st  fo r  Q W 1 , th e  w ells  n ea res t a n d  fu rth e st  
fr o m  Q W 7 , re sp e c tiv e ly .
In  fig u re  6 .1  I sh o w  a  s c h e m a tic  i l lu s tra t in g  th e  e v o lu t io n  o f  th e  v a c a n c y  
d iffu s io n  p ro fi le  a t a  p o s it io n  o f  Q W 7  in  th e  s tru c tu re . A s  ca n  b e  seen  fr o m  th e  figu re  
a n d  a fte r  a n n e a lin g  a t  t >  0 th e  v a ca n c ie s  w ill d iffu se  aw ay  fr o m  th e ir  c o n c e n tr a t io n  
g ra d ie n t  p re se n te d  b e fo r e  a n n e a lin g  a t t =  0 in to  th e  s tru c tu re . A s  ca n  b e  seen  at
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F ig . 6 .1 . I l lu s tr a t io n  o f  th e  v a c a n c y  d iffu s io n  fo r  th e  v a c a n c y  s o u rce  a t  th e  p o s it io n  
o f  Q W 7  (th e  w e ll g ro w n  a t lo w -te m p e r a tu r e ) . A t  t — 0 Q W 7  c o n ta in s  a  h ig h  
c o n c e n tr a t io n  o f  e x ce ss  a rsen ic , u p o n  a n n e a lin g  th e  ex cess  a rse n ic  d is so lv e  in to  th e  
G a A s  la yer c r e a t in g  g r o u p -I I I  v a ca n c ie s  w h ich  are  free  t o  d iffu se  in to  th e  s tru c tu re . 
T h e  c o n c e n tr a t io n  o f  d if fu s in g  v a ca n c ie s  is a  fu n c t io n  o f  d e p th , a n d  as ca n  b e  seen , 
w ill b e  h ig h e r  a t th e  e a r ly  s ta g e  o f  a n n e a lin g  a t  th e  p o s it io n  o f  Q W 6  a n d  low er 
a t  th e  p o s it io n  o f  Q W 1 . S in ce  th e  in te rd iffu s io n  co e ff ic ie n t  is p r o p o r t io n a l  t o  th e  
d if fu s iv ity  a n d  c o n c e n tr a t io n  o f  th ese  v a ca n c ie s  th e n  w e e x p e c t  t o  see th e  h ig h est 
in te rd iffu s io n  in  Q W 6  a n d  lo w e st  in  Q W 1 .
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t >  0 th e ir  c o n c e n tr a t io n  is a  fu n c t io n  o f  d e p th  s in ce  th e y  are d if fu s in g  fr o m  Q W 7 . 
A t  an  e a r ly  s ta g e  o f  a n n ea l t im e  th e ir  c o n c e n tr a t io n  w ill b e  h ig h e r  in  th e  p o s it io n  
o f  Q W 6  as in d ic a t e d  in s id e  fig u re  6 .1  a n d  low er  in  th e  p o s it io n  o f  Q W 1 . A s  th e  
d if fu s io n  c o e ff ic ie n t  is p r o p o r t io n a l  t o  th e  d if fu s iv ity  a n d  c o n c e n tr a t io n  o f  v a ca n c ie s  
th en  on e  w o u ld  e x p e c t  t o  see h ig h e r  d if fu s io n  a t  th e  p o s it io n  o f  Q W 6  a n d  a  low er  on e  
a t  th e  p o s it io n  o f  Q W 1 . In d e e d  th is  is w h a t  w as seen  in  a ll th e  m e a su re d  sa m p le s , 
in d ic a t in g  th a t  th ese  e x ce ss  v a ca n c ie s  are c o n tr o ll in g  th e  in te rd iffu s io n  a t an  ea rly  
s ta g e  o f  a n n e a lin g .
T h e  in it ia l fa s t  d if fu s io n , seen  in  a ll m e a su re d  I n ^ G a i - ^ A s  M Q W s  sa m p les  
p re se n te d  in  fig u res  5.5(a),(b), f ig u re  5 .6 , fig u res  5.3(a),(b), a n d  fig u res  5.9(a),(b), fo r  
th e  w a fers  g ro w n  u n d e r  th e  5 :1 , 2 0 :1 , a n d  25 :1  f lu x  ra tio s , r e s p e c t iv e ly , is th e n  o n ly  
ca u se d  b y  th e  h ig h  c o n c e n tr a t io n s  o f  G a  v a ca n c ie s  d if fu s in g  fr o m  th e  w e ll g ro w n  at 
lo w  te m p e r a tu r e  (Q W 7 ) .  T h e s e  resu lts  c o u ld  e x p la in  th e  m e a su re d  e n h a n ce m e n ts  in  
th e  I n -G a  in te rd iffu s io n  c o e ff ic ie n t  r e p o r te d  b y  m a n y  g ro u p s . S o m e  o f  th ese  g ro u p s  
p e r fo r m e d  a  s in g le  a n n e a l a fte r  w h ich  th e y  d e te rm in e d  th e ir  d if fu s io n  co e ff ic ie n t . 
T h is  m e t h o d , h o w e v e r , o f  p e r fo r m in g  a  s in g le  a n n ea l d o e s  n o t  d if fe re n t ia te  b e tw e e n  
th e  e ffe c t  o f  th e  in it ia l fa s t  d if fu s io n  a n d  th e  s te a d y  s ta te  I n -G a  in te rd iffu s io n , as w as
A  tA
g iv en  ea r lie r . T h e  w o rk  o f  K o lb a s f[6 7 ] is a  v e ry  p r o n o u n c e d  e x a m p le  o f  an  in c o r r e c t  
in te r p r e ta t io n  o f  e x p e r im e n ta l resu lts  p e r fo r m e d  a t d iffe ren t c o n d it io n s . K o lb a s  at 
e l, r e p o r te d  o n  th e  e ffe c t  o f  th e  in d iu m  c o m p o s i t io n  o n  th e  in te rd iffu s io n  co e ff ic ie n t  
o f  I n ^ G a i ^ A s  q u a n tu m  w ells . T h e y  s ta te d  in  th e ir  c o n c lu s io n  th a t : “the interdif­
fusion coefficient for pseudomorphic Inx Gai^xAs-GaAs heterojunctions increases 
with increasing indium composition under arsenic overpressure but decreases with 
increasing indium composition under gallium overpressure.”. H o w e v e r , w e ca n  see 
th a t  th e  c o m p a r is o n  in  th e  s tu d y  o f  K o lb a s  m a y  n o t  b e  v a lid  as th e y  p e r fo r m e d  o n ly  
a  s in g le  a n n ea l a n d  c o m p a r e d  th e  resu lts  th e y  o b ta in  u n d e r  t o t a l ly  d if fe re n t c o n d i­
t io n s . I t  is w e ll k n o w n  th a t  u n d e r  an  a rse n ic  ov erp ressu re  th e  m e a su re d  in te rd iffu s io n
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c o e ff ic ie n t  w ill b e  h ig h e r  d u e  t o  th e  in crea se  o f  g a lliu m  v a ca n c ie s , a n d  d e cre a se  w h en  
th ese  v a ca n c ie s  a re  r e d u c e d  u n d e r  th e  g a ll iu m  ov erp ressu re  c o n d it io n . It  is p o s s ib le  
th e n  th a t  th e  K o lb a s  o b s e r v a t io n  o f  in cre a se d  in te rd iffu s io n  u n d e r  a rse n ic  o v e rp re s ­
su re  is n o t  d u e  t o  th e  in d iu m  c o m p o s i t io n  b u t  ra th er , d u e  t o  an  in it ia l fa s t  d iffu s io n  
ca u se d  b y  th e  h ig h  G a  v a ca n c ie s  w h e n  a rse n ic  ov erp ressu re  w a s in tr o d u c e d .
A n o t h e r  e x a m p le  w h ere  s o m e  a u th o rs  r e p o r te d  h ig h  I n -G a  d if fu s io n  co e ff i­
c ie n t  w ith o u t  ta k in g  in to  a c c o u n t  th e  p o s s ib le  e ffe c t  o f  th e  in it ia l fa s t  d if fu s io n  is 
in  th e  w o rk  o f  K o t h iy a l  a n d  B h a t ta c h a r y a  [61]. T h e  a u th o rs  o b ta in e d  v a lu es  o f  th e  
I n -G a  in te rd iffu s io n  co e ff ic ie n ts  o f  lO - ^9 -  1 0 —38 c m 2 s “  ^ o v e r  th e  te m p e r a tu r e  
ra n g e  85 0  ° C  t o  95 0  ° C .  T h e ir  v a lu es  are an  o r d e r  o f  m a g n itu d e  h ig h e r  th e n  th o se  
o b ta in e d  b y  G ill in  [68]. K o t h iy a l  a n d  B h a t ta c h a r y a  u sed  a  h a lo g e n  la m p  fu rn a ce  
fo r  th e ir  a n n ea ls  w ith  a n n ea l t im e s  o f  5 t o  25 se co n d s . T h e s e  s h o r t  a n n e a l t im es  
w ill m e a n  th a t  th e  e ffe c t  o f  th e  in it ia l fa s t  d if fu s io n  w ill b e  v e ry  p r o n o u n c e d  w h ich  
m a y  re su lt  in  m e a su re d  d if fu s io n  co e ff ic ie n ts  s ig n ifica n tly  h ig h e r  th a n  th e  s te a d y  
s ta te  d iffu s io n . T h e  a c c u r a c y  o f  th e  m e a su re d  d iffu s io n  co e ff ic ie n ts  b y  K o t h iy a l a n d  
B h a t ta c h a r y a  c o u ld  a g a in  b e  p la c e d  in  q u e s t io n .
T h e  a rg u m e n t  w e  u se  t o  e x p la in  th e  h ig h e r  in it ia l d if fu s io n  a n d  th e  d e p e n d ­
en ce  o f  th is  fa s t  d if fu s io n  o n  th e  d is ta n c e  o f  th e  w ells  fr o m  th e  w e ll g ro w n  a t lo w - 
te m p e r a tu r e  (Q W 7 )  is a lso  u sed  b y  m a n y  g r o u p s  w h o  s tu d ie d  th e  e ffe c t  o f  lo w - 
te m p e r a tu r e  g ro w n  G a A s  layers  (L T -G a A s )  o n  th e  in te rd iffu s io n  p ro c e s s  in  s o m e  
I I I -V  te rn a ry  s y s te m . T h e  e ffe c t  o f  a  L T -G a A s  ca p  la yer  o n  th e  in te rd iffu s io n  p r o ­
cess  in  A lG a A s /G a A s  s in g le  q u a n tu m  w ells  h as b e e n  r e p o r te d  b y  T s a n g  e t al [87]. 
T h e  a u th o rs  fo u n d  th a t  th e  in te rd iffu s io n  p ro ce s s  w as g re a tly  e n h a n c e d  b y  th e  p res­
e n ce  o f  th e  L T -G a A s  c a p  la y er  as c o m p a r e d  w ith  th e  in te rd iffu s io n  co e ff ic ie n t  b e in g  
m e a su re d  u n d e r  a  n o r m a l-te m p e r a tu r e  (5 8 0  ° C )  G a A s  ca p  layer. T h e  a u th o rs  n o t  
o n ly  o b s e r v e d  th e  e n h a n ce m e n t  o f  th e  in te rd iffu s io n  a n d  re la te d  it  t o  g a ll iu m  va ­
ca n c ie s  b e in g  in je c t e d  fr o m  th e  L T -G a A s  c a p  layer b u t  a lso  th e y  d e te rm in e d  th e
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d iffu s io n  c o e ff ic ie n t  a n d  a c t iv a t io n  e n e rg y  o f  v a ca n c ie s  r e s p o n s ib le  fo r  th e  e n h a n ce d  
d iffu s io n . T h e  sa m e  g ro u p  a lso  p e r fo r m e d  a  s im ila r  s tu d y  o n  th e  I n G a A s /G a A s  
s u p e r la tt ic e  s tr u c tu r e , w h e re  th e y  a lso  o b s e rv e d  th e  sa m e  e ffe c t . H o w e v e r , th e y  d id  
n o t  g iv e  a n y  in fo r m a t io n  a b o u t  th e  v a c a n c y  d if fu s iv ity  in  th e  la te r  s tu d y .
A s  n o  tre n d s  o r  d iffe re n ce s  w ere  o b s e rv e d  in  o u r  m e a su re d  s a m p le s  ta k en  
fr o m  th e  d iffe re n t w a fers , it  seem s  th a t  th e  g r o u p -V  t o  g r o u p -I I I  f lu x  r a t io  d o e s  n o t  
p la y  a n y  s ig n ifica n t  r o le  in  th e  in te rd iffu s io n  p ro ce s s . T h e  o n ly  s tu d y  w e ca n  fin d  
in  th e  l ite ra tu re  c o n c e r n in g  th e  e ffe c t  o f  th e  flu x  r a t io  o n  th e  th e r m a l s ta b i l it y  o f  
h e te ro s tru c tu re s  is th a t  p e r fo r m e d  b y  G u id o  e t  a l [115]. T h e  a u th o rs  s tu d ie d  th e  
e ffe c t  o f  F erm i lev e l a n d  th e  g r o u p -V  t o  g r o u p -I I I  flu x  r a t io  o n  th e  in te rd iffu s io n  
p r o ce s s  in  A lG a A s /G a A s  q u a n tu m  w ells  a n d  fo u n d  th a t  th e  A l - G a  in te rd iffu s io n  
co e ff ic ie n t  is in d e p e n d e n t  o f  th e  f lu x  r a t io  as o b s e rv e d  in  o u r  w o rk  o n  I n G a A s /G a A s .
6 .4  V a c a n c y  d i f f u s iv i t y  a n d  c o n c e n tra t io n s
It  w a s  seen  fr o m  th e  resu lts  p re se n te d  in  ch a p te r  5 se c t io n s  5 .2 .2  a n d  5 .2 .3  fo r  
a ll th e  m e a s u re d  w a fers  th a t  th e  d a ta  p o in ts  o f  th e  d iffu s io n  le n g th s  sq u a re d  versu s 
a n n ea l t im e  c a n n o t  b e  f it te d  b y  a  s im p le  s tra ig h t lin e  p a ss in g  th r o u g h  th e  o r ig in  t o  
d e te rm in e  th e  I n -G a  in te rd iffu s io n  co e ff ic ie n t . R a th e r  it  w as seen  th a t  th e  w e ll g ro w n  
a t  47 0  ° C  (Q W 7 )  h a d  a  h ig h  c o n c e n tr a t io n  o f  g a lliu m  v a ca n c ie s  w h ich  c o n tr o lle d  
th e  in te r m ix in g  p ro c e s s  a t th e  e a r ly  s ta g e  o f  a n n ea lin g . T h a t  w as d e m o n s tr a te d  b y  
th e  fa s t in it ia l d if fu s io n  seen  in  a ll th e  q u a n tu m  w ells  in  a ll th e  m e a s u re d  w afers. 
T h is  in  tu rn  w a s a lso  seen  t o  d e p e n d  o n  th e  d is ta n ce  o f  th e  q u a n tu m  w ells  fr o m  
Q W 7 .
T h e  fa c t  th a t  th e  in te r m ix in g  p r o ce s s  in  I I I -V  s tru c tu re s  is p r o p o r t io n a l  t o  th e  
c o n c e n tr a t io n  o f  p o in t  d e fe c ts  (G a  v a ca n c ie s  in  o u r  ca se ) a n d  th e ir  d iffu s iv ity , w h ich  
in d e e d  w as seen  t o  b e  th e  ca se , fo r m e d  th e  b a sis  fo r  th e  v a c a n c y  d if fu s io n  m o d e l 
p re se n te d  in  th e  p r e v io u s  ch a p te r . T h e  m a th e m a t ic a l  b a s is  a n d  th e  p r o c e d u r e  u sed
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t o  d e te rm in e  th e  v a c a n c y  d iffu s io n  c o e ff ic ie n t , th e  v a c a n c y  c o n c e n tr a t io n s , as w ell 
as th e  s te a d y  s ta te  I n -G a  in te rd iffu s io n  c o e ff ic ie n t  w ere  g iv en  in  d e ta ils  in  ch a p te r  5.
In  fig u res  5 .11  (a) a n d  (b) I p re se n te d  th e  d e p th  d e p e n d e n c e  o f  th e  d iffu s io n  
le n g th s  sq u a re d  a t th e  first a n n e a l t im e  fo r  sa m p le s  ta k en  fr o m  th e  w a fer  g row n  
u n d e r  th e  5 :1  f lu x  r a t io  a n d  a n n e a le d  a t  te m p e ra tu re s  b e tw e e n  800  ° C  t o  1000  ° C . 
F ig u re s  5 .1 2  (a) a n d  (b) sh o w  th e  d e p th  d e p e n d e n c e  o n  d iffu s io n  le n g th s  sq u a red , a t 
th e  first a n n ea l t im e , b u t  fo r  s a m p le s  ta k en  fr o m  th e  w a fers  g ro w n  u n d e r  th e  20 :1  a n d  
25 :1  f lu x  r a t io s , r e s p e c t iv e ly . T h e  d a t a  p o in ts  in  th e  figu res  are  th e  e x p e r im e n ta lly  
d e te r m in e d  d if fu s io n  le n g th s  sq u a re d  a t  th e  first a n n ea l t im e  p lo t t e d  as a  fu n c t io n  o f  
th e  q u a n tu m  w ell d e p th  in  th e  s tru c tu re . T h e  s o lid  cu rv es , th r o u g h  th e  d a ta  p o in ts  
in  th e  sa m e  fig u res , are  th e  th e o r e t ic a l  fit  u s in g  th e  m a th e m a tic a l m o d e l  p re se n te d  in  
c h a p te r  5. T h e  v a lu es  o f  th e  in it ia l v a c a n c y  c o n c e n tr a t io n , b a c k g r o u n d  c o n c e n tr a t io n  
o f  v a ca n c ie s , a n d  v a c a n c y  d if fu s io n  co e ff ic ie n ts , as a  fu n c t io n  o f  t e m p e r a tu r e , u sed  
t o  fit th e  d a ta  p o in ts  fo r  a ll th e  m e a su re d  sa m p le s  fr o m  th e  d if fe re n t w a fers  w ere 
p re se n te d  in  ta b le s  5 .2 , 5 .3 , a n d  5 .4  fo r  th e  sa m p le s  ta k en  fr o m  th e  w a fers  g row n  
u n d e r  th e  5 :1 , 2 0 :1 , a n d  25 :1  f lu x  ra t io s , re sp e c tiv e ly . T h e s e  v a lu es  w ere  a lso  u sed  
t o  fit th e  d a ta  p o in ts  o f  d if fu s io n  le n g th s  sq u a re d  versu s a n n ea l t im e , as sh o w n  b y  
th e  s o lid  cu rv e s  jo in in g  th e  d a ta  p o in ts  g iv e n  in  figu res  5 .13  (a), (b/ ,  a n d  (c), fo r  th e  
sa m p le s  fr o m  th e  w a fer  g ro w n  u n d e r  th e  5 :1  f lu x  ra tio , figu res  5 .1 4 (a) a n d  (b) fo r  
th e  s a m p le s  fr o m  th e  w a fer  g ro w n  u n d e r  20 :1  flu x  ra t io , a n d  fig u res  5 .1 5  (a), (b/ ,  an d
(c) fo r  th e  sa m p le s  fr o m  th e  w a fer  g ro w n  u n d e r  th e  25 :1  flu x  ra t io . A s  ca n  b e  seen  
fr o m  a ll th e  fig u res  a  v e ry  g o o d  a g re e m e n t b e tw e e n  th e  th e o r y  a n d  th e  e x p e r im e n ts  
w as d e m o n s tr a te d .
F ro m  ta b le s  5 .2 , 5 .3 , a n d  5 .4 , it  ca n  b e  seen  th a t  th e re  are  s o m e  v a r ia t io n s  in  
th e  c a lc u la te d  in it ia l a n d  b a c k g r o u n d  c o n c e n tr a t io n  o f  v a ca n c ie s  in  b o t h  th e  v a c a n c y  
s o u rce  a t  Q W 7  a n d  th e  G a A s  s u b s tra te , re sp e c tiv e ly . T h e s e  v a r ia t io n s  w ere  seen  
in  th e  sa m e  w a fer  in  sa m p le s  a n n e a le d  a t  d iffe re n t te m p e ra tu re s  as w e ll as in  th e
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sa m p le s  ta k e n  fr o m  th e  d iffe re n t w a fers . H ow ev er , it  ca n  b e  seen  th a t  th e re  is n o  
tre n d  in  th e se  v a r ia t io n s  as th e y  w ere  r a n d o m ly  s ca tte re d  fr o m  sa m p le  t o  s a m p le  in  
th e  d iffe re n t w a fers .
T h e  v a r ia t io n s  in  th e  in it ia l c o n c e n tr a t io n  o f  v a ca n c ie s  in  th e  so u rce  a t a 
p o s it io n  o f  Q W 7  c o u ld  b e  m a in ly  d u e  t o  th e  u n ce r ta in ty  in  th e  a ssu m e d  th ick n ess  
o f  th e  v a c a n c y  so u rce , as it  w a s  a ssu m e d  th a t  th e  v a c a n c y  la y er  h a s  a  th ick n ess  
o f  100 A . H o w e v e r , th is  a ssu m e d  th ick n e ss  m a y  n o t  a c c u r a te ly  re fle c t  th e  a c tu a l 
d is t r ib u t io n  o f  v a ca n c ie s  in  th e  s o u rce  la y er  as fo l lo w in g  th e  g r o w th  o f  Q W 7  th e  
s u b s tra te  te m p e r a tu r e  w as r a m p e d  u p  d u r in g  th e  g ro w th  o f  th e  G a A s  b a rr ie r  t o  
565 ° C  fo r  th e  g ro w th  o f  th e  n e x t  w e ll (Q W 6 ) .  C o n s e q u e n tly  th e re  m ig h t  b e  so m e  
G a A s  n e x t  t o  Q W 7  w h ich  is a lso  a rse n ic  rich . H ow ev er , fo r  th e  m o d e l  p re se n te d  in  
ch a p te r  5 th is  d o e s  n o t  a ffe c t  th e  resu lts , b e c a u s e  th e  d iffu s io n  le n g th s  o f  v a ca n c ie s  
are la rg e  in  c o m p a r is o n  t o  th e  in it ia l th ick n ess  o f  th e  so u rce  layer. H e n ce , o n ly  th e  
th ick n e ss  c o n c e n tr a t io n  p r o d u c t  w ill a ffe c t  th e  resu lts . H ow ev er , th is  a s su m p tio n  
w ill h ave th e  e ffe c t  o f  in c re a s in g  th e  e rrors  in  th e  ca lc u la te d  in it ia l c o n c e n tr a t io n  o f  
v a ca n c ie s . F o r  e x a m p le , th e  s im u la t io n s  in d ic a te d  th a t  i f  th e  v a c a n c y  s o u rce  layer a t 
Q W 7  w a s a ssu m e d  t o  b e  200  A  ra th e r  th e n  100 A  as w as in it ia lly  a ssu m e d , th e n  th e  
in it ia l v a c a n c y  c o n c e n tr a t io n  in  th e  so u rce  layer w ill b e  a  fa c to r  o f  tw o  low er  th en  
th e  c a lc u la te d  on es . I t  is p o s s ib le  th a t  th e  v a r ia t io n s  seen  in  th e  in it ia l c o n c e n tr a t io n  
o f  v a ca n c ie s  in  th e  s o u rce  a t  Q W 7  are  d u e  t o  u n ce r ta in ty  in  th e  a ssu m e d  th ick n ess  
o f  th a t  layer. I t  is a lso  p o s s ib le  th a t  th e se  v a r ia t io n s  m a y  re fle c t  rea l ch a n g e s  in  
th e  v a c a n c y  c o n c e n tr a t io n  in  Q W 7  d u e  t o  th e  sa m p les  b e in g  ta k en  fr o m  d iffe ren t 
p o s it io n s  o f  th e  w a fer . It is k n o w n  fo r  e x a m p le  th a t  in  M B E  g r o w th  th e  b e a m s  
h a ve  a  r o u g h ly  G a u ss ia n  s h a p e  a n d  th e  in ten s itie s  are u su a lly  low er  a t th e  ed g e  
o f  th e  w a fer  th a n  a t th e  ce n te r . T h is  is u su a lly  m a n ife s t  as a  n o n -u n ifo r m ity  in  
th e  g ro w n  w a fer . D iffe re n ce s  in  th e  o v e r la p  o f  th ese  sou rces  m a y  s lig h t ly  a ffe c t  th e  
s to ic h io m e tr y  a cro ss  th e  w a fer  a n d  resu lt  in  ch a n g es  in  th e  v a c a n c y  in c o r p o r a te d
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in  Q W 7 . A t  n o r m a l g r o w th  te m p e ra tu re s  w h ere  th e  sp e c ie s  a re  m o b i le  th is  m a y  
n o t  ca u se  a  se r io u s  p r o b le m , b u t  a t th e  lo w  te m p e r a tu r e  u sed  t o  g ro w  Q W 7  th ese  
e ffe c ts  c o u ld  b e  m o r e  p r o n o u n c e d . H ow ev er , th ese  v a r ia t io n s  are  re la t iv e ly  sm a ll 
a n d  th e y  are o n ly  a  fa c t o r  o f  fo u r  fo r  a ll sa m p le  fr o m  a ll th e  m e a su re d  w a fers . A s  
th e  c o n c e n tr a t io n  o f  g r o u p -I I I  s ite s  in  G a A s  is «  2 . 2 x l 0 22 c m - 3 , th e n  it  is p o s s ib le  
t o  c a lc u la te  th e  a c tu a l c o n c e n tr a t io n  o f  v a ca n c ie s  in tr o d u c e d  as th e  resu lt  o f  th e  
lo w -te m p e r a tu r e  g ro w n  Q W 7  t o  b e  ph ( 7 ± 4 ) x 1 ( A 9 c m ” 3 . T h is  is th e  v a lu e  w h en  
th e  th ick n e ss  o f  th e  v a c a n c y  la yer a t th e  s o u rce  is 100 A . A s  s ta te d  ea rlie r  a  w id e r  
so u rce  la y er  w ill  re su lt  in  a  c o r r e s p o n d in g  d e cre a se  in  th is  v a lu e . T h is  v a lu e  h ow ev er  
co m p a r e s  w ith  th e  o n e s  d e te r m in e d  b y  S to rm e r  e t  a l [117] b y  u s in g  p o s it r o n  b e a m  
life t im e  s p e c tr o s c o p y . T h e  a u th o rs  h a ve  b e e n  a b le  t o  d e te c t  v a c a n c y  c o n c e n tr a t io n s  
o f  ($> 3 x l ( A 3 c m ” 3 in  G a A s  la yer g ro w n  at 250  ° C  a n d  in situ a n n e a le d  a t 600  ° C  
fo r  o n e  h o u r . T h e s e  a lso  c o u ld  e x p la in  th e  v a r ia t io n s  in  th e  m e a su re d  b a c k g r o u n d  
c o n c e n tr a t io n  o f  v a ca n c ie s  fo r  a ll th e  d iffe re n t w a fers .
I t  h a s  b e e n  o b s e r v e d  th a t  in  ca re fu lly  p re p a re d  e x p e r im e n ts  in  I n G a A s /G a A s  
in te rd iffu s io n  [74] th e re  ca n  b e  a  fa c t o r  o f  fo u r  v a r ia t io n  in  th e  m e a su re d  in te rd if­
fu s io n  co e ff ic ie n t  b e tw e e n  tw o  n o m in a lly  id e n t ica l w a fers  w h ich  w ere  g ro w n  seq u en ­
t ia lly  in  th e  sa m e  M B E  r e a c to r , c a p p e d  a t th e  sa m e  t im e  w ith  s il ic o n  n itr id e  an d  
a n n e a le d  to g e th e r , (see  fig u re  6 .2 ) .
T h e  v a r ia t io n s  o b s e r v e d  in  th ese  e x p e r im e n ts  w ere in te rp re te d  as a r is in g  fr o m  
d iffe re n ce s  in  th e  g r o w n -in  v a ca n c ie s  in  th e  G a A s  su b stra te s  in  th e  tw o  d iffe ren t 
w a fers . It  is th e n  p o s s ib le  th a t  th e  v a r ia t io n s  w e  o b s e rv e d  in  th e  b a c k g r o u n d  c o n c e n ­
t r a t io n  o f  v a ca n c ie s  in  o u r  sa m p le s  c o u ld  b e  rea l v a r ia t io n s  in  th ese  v a ca n c ie s  in  su b ­
s tra te s  in  th e  d iffe re n t w a fers . I t  a lso  c o u ld  b e  p o s s ib le  th a t  th ese  v a r ia t io n  are d u e  
t o  o u r  m e a s u re m e n t  u n ce r ta in ty . N ev erth e le ss , as ca n  b e  seen  fr o m  ta b le s  5 .2 , 5 .3 , 
a n d  5 .4  th ese  v a r ia t io n s  are r e la t iv e ly  sm a ll b e in g  a  fa c t o r  o f  five . S in ce  th e  g r o u p -I I I
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F ig . 6 .2 . A n  A rrh e n iu s  p lo t  o f  d if fu s io n  co e ff ic ie n ts  fo r  tw o  I n G a A s /G a A s  sa m p les . 
T h e  s a m p le s  w ere  g ro w n  s e q u e n tia lly  in  an  M B E  re a c to r , c a p p e d  s id e  b y  s id e  in  a 
P E C V D  r e a c to r  w ith  s i l ic o n  n itr id e  a n d  a n n e a le d  to g o th e r . W h ils t  th e  e x p e r im e n ta l 
s c a tte r  a ro u n d  th e  lea s t sq u a res  lin e  is c le a r ly  v is ib le  it  s h o u ld  b e  n o te d  th a t  th e  
d if fe re n ce  in  d if fu s io n  co e ff ic ie n t  b e tw e e n  th e  tw o  sa m p les  is a lm o s t  a lw a y s  co n s ta n t  
a t a p p r o x im a t e ly  a  fa c t o r  o f  fo u r . A fte r  B r a d le y  et al [74].
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s ite  c o n c e n tr a t io n s  in  G a A s  is  ra 2 . 2 x l 0 22 c m  3 th e n  it  is p o s s ib le  t o  c a lc u la te  th e
1 n  o
a c tu a l v a c a n c y  c o n c e n tr a t io n  in  th e  G a A s  s u b s tra te  t o  b e  ra 1 0 1 ' c m
T h e  m o s t  n o ta b le  th in g  th a t  ca n  b e  seen  fr o m  ta b le s  5 .2 , 5 .3 , a n d  5 .4  is th a t  
th e  b a c k g r o u n d  r a t io  o f  v a ca n c ie s  in  o u r  sa m p le s  is n o t  a  fu n c t io n  o f  te m p e ra tu re  
b u t  re m a in s  a lm o s t  c o n s ta n t  a t  a b o u t  0 . 5 x l O ~ T h i s  gave  ra 10^7 c m - 3  v a ca n c ie s  
in  th e  G a A s  s u b s tra te . T h is  re su lt  is in  c o n t r a d ic t io n  t o  w h a t  m a n y  g ro u p s  have 
th o u g h t  a b o u t  th e  d if fu s io n  p ro ce sse s  in  G a A s . It  h as o fte n  b e e n  a ssu m e d  th a t  th e  
a c t iv a t io n  e n e rg y  fo r  in te rd iffu s io n  in  th e se  sy s te m s  w as m a d e  u p  o f  b o t h  a  c re a t io n  
a n d  a  d if fu s io n  te r m  fo r  th e  v a c a n c y  a n d  th a t  th e  sy s te m  w as in  th e r m o d y n a m ic  
e q u il ib r iu m  d u r in g  a  d if fu s io n  e x p e r im e n t . In d e e d  su ch  th e r m o d y n a m ic  a rg u m e n ts  
h a ve  b e e n  u se d  b y  a  n u m b e r  o f  a u th o rs  in  o rd e r  t o  try  a n d  e x p la in  tre n d s  th a t  th e y  
h a ve  seen  in  th e ir  d a ta . T h is  r e su lt  s tr o n g ly  su g g ests  th a t  th e  c o n c e n tr a t io n  o f  va ­
ca n c ie s  p resen t in  th e  m a te r ia l is g ro w n  in  a n d  is m u ch  h ig h e r  th e n  th e  e q u ilib r iu m  
c o n c e n tr a t io n . In d e e d  as th e  S u rrey  g r o u p  m e a su re d  th e  in te rd iffu s io n  c o e ff ic ie n t  in  
th e  I n G a A s /G a A s  m a te r ia l s y s te m  u p  t o  a  te m p e r a tu r e  o f  1200  ° C  (see  fig u re  6 .3 ) 
a n d  o b s e r v e d  n o  e v id e n c e  o f  a  h ig h e r  a c t iv a t io n  en e rg y  te rm  w e c o n c lu d e  th a t  th is  
b a c k g r o u n d  c o n c e n tr a t io n  o f  v a ca n c ie s  in  th e  G a A s  su b s tra te  is c o n t r o l l in g  th e  in ­
te rd iffu s io n  u p  t o  a t  lea st th is  te m p e ra tu re .
T h is  b a c k g r o u n d  c o n c e n tr a t io n  o f  v a ca n c ie s  is, h ow ev er , c o m p a r a b le  t o  th a t  
m e a su re d  b y  D a n n e fa e r  e t  a t [118] in  c o m m e r c ia l  s e m i-in s u la t in g  G a A s  a t  te m p e r a t ­
u res u p  t o  60 0  ° C ,  u s in g  p o s it r o n  li fe t im e  s p e c tr o s c o p y . H ow ev er , th e  v a lu e  fo r  th e  
b a c k g r o u n d  c o n c e n tr a t io n  o f  v a ca n c ie s  m e a su re d  in  o u r  w o rk  w ere  m a d e  o n  sa m p les  
g ro w n  b y  M B E  so  it  is w o r th  d e te r m in in g  w h e th e r  th e  m e a su re d  b a c k g r o u n d  c o n ­
ce n tr a t io n  o f  v a ca n c ie s  s h o u ld  b e  c o m p a r a b le  t o  th o s e  in  G a A s  w a fers . W it h  th e  
m e a su re d  d if fu s io n  co e ff ic ie n t  o f  5 x l 0 - 1 1  c m 2 s - 1  a t 950  ° C ,  a fte r  an  a n n ea l o f  
o n e  m in u te  th e  v a ca n c ie s  w o u ld  h a v e  a  d if fu s io n  le n g th  o f  ra 1 pm. I f  th is  m e a su re d  
v a c a n c y  c o n c e n tr a t io n  w as o n ly  in  th e  e p ila y e r  a n d  th e  u n d e r ly in g  G a A s  h a d  a  m u ch
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F ig . 6 .3 . T h e  m e a s u re d  I n G a A s /G a A s  in te rd iffu s io n  c o e ff ic ie n ts  in  th e  te m p e ra tu re  
ra n g e  75 0  ° C  t o  1200  ° C  [68], w h e re  n o  e v id e n c e  o f  a  h ig h e r  a c t iv a t io n  e n e rg y  te rm  
w as o b s e rv e d .
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low er  v a c a n c y  c o n c e n tr a t io n  th e n  w e  w o u ld  e x p e c t  t o  see a  th in  e p ila y e r  rea ch  an  
e q u il ib r iu m  w ith  th e  s u b s tra te  v e ry  q u ick ly  a t th is  te m p e ra tu re  a n d  h e n ce  sh o w  a 
m a rk e d  r e d u c t io n  in  th e  m e a su re d  in te rd iffu s io n  o f  a  q u a n tu m  w ell w ith  a n n ea lin g . 
S u ch  m e a su re m e n ts  w ere  a lso  m a d e  b y  th e  S u rrey  g ro u p  o n  q u a n tu m  w ells  g ro w n  in  
ep ila y ers  b e tw e e n  50 n m  a n d  2 pm th ic k  a n d  n o  su ch  e ffe cts  w ere  seen , w h ich  seem s 
t o  su g g e st  th a t  th e  v a c a n c y  c o n c e n tr a t io n  in  th e  ep ila y er  is th e  sa m e  as th a t  in  th e  
su b s tra te . I t  is a lso  w o r th  n o t in g  th a t  sev era l a u th o rs  [70] [69] h a ve  m e a su re d  in ter ­
d iffu s io n  c o e ff ic ie n t  a n d  a c t iv a t io n  en erg ies  fo r  th e  I n G a A s /G a A s  sa m p le s  p r o d u c e d  
b y  a  n u m b e r  o f  d iffe re n t la b o r a to r ie s  a n d  g ro w n  u s in g  b o t h  M B E  a n d  M O V P E  an d  
in  a ll ca ses  th e y  m e a su re d  th e  sa m e  a c t iv a t io n  e n e rg y  a n d  p r e fa c to r  fo r  th e  d iffu ­
s ion . D u e  t o  th e  v e ry  d iffe re n t n a tu re  o f  M B E  a n d  M O V P E  g ro w th  th is  is a ga in  
su g g e s tiv e  th a t  th e  b a c k g r o u n d  c o n c e n tr a t io n  is d e te rm in e d  b y  th e  s u b s tra te  m a ­
te r ia l u sed . F ro m  th ese  e x p e r im e n ts  th e  b ig g e s t  d iffe re n ce  w as a  fa c t o r  o f  r o u g h ly  
tw o  in  th e  m e a su re d  in te rd iffu s io n  c o e ff ic ie n ts  fo r  a ll th e  m e a su re d  sa m p le s . T h e s e  
ch a n g e s  o f  th e  m e a s u re d  in te rd iffu s io n  co e ff ic ie n ts  c o u ld  b e  a  d ir e c t  m ea su re  o f  d if ­
fe re n ce s  in  th e  b a c k g r o u n d  c o n c e n tr a t io n  o f  v a ca n c ie s  in  th e  d iffe re n t su b stra te s . A s  
s ta te d  ea rlie r  it  is p o s s ib le  th e n  th a t  th e  s u b s tra te  v a ca n cy  c o n c e n tr a t io n  ca n  reach  
e q u il ib r iu m  w ith  th e  e p ila y e r  d u r in g  g r o w th  th e n  o n e  w o u ld  e x p e c t  a n y  v a ca n c ie s  
p resen t in  Q W 7  a lso  t o  h a v e  d if fu se d  d u r in g  th e  sa m p le  g ro w th . T h is  h as e v id e n tly  
n o t  h a p p e n e d  fr o m  th e  p h o to lu m in e s c e n c e  m ea su re m e n ts  m a d e  a fte r  g ro w th . In  o r ­
d er  t o  e x p la in  th is  w e  su g g e s t  th a t  a t g r o w th  te m p e ra tu re s  th e re  are n o t  an y  excess  
v a ca n c ie s  b u t  o n ly  ex cess  a rsen ic . It  is o n ly  d u r in g  th e  su b se q u e n t a n n e a lin g  th a t  
th is  a rse n ic  d isso lv e s  o n  t o  th e  G a A s  la t t ic e  p r o d u c in g  th e  g r o u p -I I I  v a ca n c ie s  w h ich  
are th e n  free  t o  d iffu se .
T h e  th e o r e t ic a l  v a c a n c y  d iffu s io n  co e ff ic ie n ts  d e te rm in e d  fr o m  th e  c o m p u te r  
s im u la t io n s  p re se n te d  in  c h a p te r  5 a lo n g  w ith  th e  th e o r e t ic a l s te a d y  s ta te  In -G a  
in te rd iffu s io n  co e ff ic ie n ts  th a t  are  e x p e c te d  in  o u r  sa m p les , w h ich  w ere  ca lcu la te d
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f r o m  th e  v a lu es  o f  th e  v a c a n c y  d if fu s io n  co e ff ic ie n ts  a n d  th e  c a lc u la te d  b a c k g r o u n d  
c o n c e n tr a t io n  o f  v a ca n c ie s  in  th e  G a A s  s u b s tra te , are r e -p lo t te d  in  fig u re  6 .4 . T h e  
lea st sq u a res  fit  t o  th ese  th e o r e t ic a l  v a lu es  y ie ld e d  a c t iv a t io n  en erg ies  o f  3 .1  ± 0 .3  a n d  
3 .3 ± 0 .2  fo r  th e  v a c a n c y  d if fu s iv ity  a n d  th e  in te rd iffu s io n  p ro ce s s , r e sp e c tiv e ly . A ls o  
p lo t t e d  in  th e  sa m e  fig u re  are th e  v a c a n c y  d if fu s io n  co e ff ic ie n ts  o b ta in e d  b y  K a h e n  et 
a l [85], C h ia n g  e t a l [82], a n d  T s a n g  e t a l [87] a lo n g  w ith  th e  in te rd iffu s io n  co e ff ic ie n ts  
fo r  th e  I n G a A s /G a A s  S Q W s  o b ta in e d  b y  th e  S u rrey  g ro u p  in  th e  te m p e r a tu r e  ra n ge  
750  ° C  t o  1 2 0 0  ° C .  A s  ca n  b e  seen  fr o m  fig u re  6 .4  th e re  is a  g o o d  a g re e m e n t b e tw e e n  
o u r  th e o r e t ic a l  v a lu es  o f  b o t h  v a c a n c y  d if fu s io n  c o e ff ic ie n ts  a n d  th e  s te a d y  s ta te  In - 
G a  in te rd iffu s io n  c o e ff ic ie n ts  a n d  th o s e  q u o te d  fr o m  th e  lite ra tu re . C h a in g  et al 
o b ta in e d  an  a c t iv a t io n  e n e rg y  o f  2 .1  e V , w h ile  K a h e n  et al a n d  T s a n g  e t a l o b ta in e d  
v a lu es  o f  2 .7 2  e V  a n d  2 .3 4  e V , r e s p e c t iv e ly , fo r  th e  I n G a A s /G a A s  in te rd iffu s io n  an 
a c t iv a t io n  e n e rg y  o f  3 .4 ± 0 .3  w as o b ta in e d  fo r  te m p e ra tu re s  b e tw e e n  750  ° C  an d  
1200  ° C  b y  B r a d le y  e t  a l [69]. T h e s e  v a lu es  w ith in  e x p e r im e n ta l e rro rs  c o m p a r e d  
w e ll w ith  th e  th e o r e t ic a l  v a lu es  c a lc u la te d  in  th is  w o rk  fo r  v a c a n c y  a c t iv a t io n  en erg y  
o f  3 .1 ± 0 .3 ,  a n d  fo r  s te a d y  s ta te  in te rd iffu s io n  o f  I n -G a  a c t iv a t io n  e n e rg y  o f  3 .3 ± 0 .2 .
I t  s h o u ld  b e  n o te d  h o w  la rg e  th ese  e rro rs  in  th e  a c t iv a t io n  e n e rg y  are  w h en  
a  p r o p e r  le a s t  sq u a res  a n a ly s is  to  th e  d a ta  is p e r fo r m e d . T h is  h ig h lig h ts  th e  im ­
p o r ta n c e  o f  c o l le c t in g  la rg e  d a ta  se ts  o v e r  a  w id e  te m p e ra tu re  in  o rd e r  t o  m ak e  
m e a n in g fu l c o m p a r is o n s  o f  a c t iv a t io n  en erg ies . U s in g  a ll o f  th e  v a c a n c y  d iffu s io n  
d a ta  p re se n te d  in  fig u re  6 .4  it  is p o s s ib le  t o  ca lc u la te  an  a c t iv a t io n  e n e rg y  o f  2 .9 ± 0 .4  
e V  th is  v a lu e , w ith in  e x p e r im e n ta l e rro r , is th e  sa m e  as th e  o n e  c a lc u la te d  fo r  th e  
I n G a A s /G a A s  in te rd iffu s io n  o f  3 .4 ± 0 .3 .  T h e r e  is n o  te m p e ra tu re  d e p e n d e n c e  t o  th e  
b a c k g r o u n d  v a c a n c y  c o n c e n tr a t io n , as w as sh o w n  earlier . T h is  is t o  b e  e x p e c te d  an d  
th u s it  is p o s s ib le  t o  s ta te  th a t  th e  a c t iv a t io n  e n e rg y  fo r  in te rd iffu s io n  m e a su re d  in  
I n G a A s /G a A s  is in  fa c t  th e  a c t iv a t io n  e n e rg y  fo r  v a c a n c y  d if fu s io n  in  th is  m a te r ­
ia l. A lth o u g h , as is sh o w n  in  fig u re  6 .4 , it  w as p o s s ib le  to  d e te rm in e  th e  a c t iv a t io n
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F ig . 6 .4 . A n  A rrh e n iu s  p lo t  o f  th e  I n G a A s /G a A s  in te rd iffu s io n  co e ff ic ie n ts  fo r  te m ­
p e ra tu re s  b e tw e e n  75 0  ° C  a n d  1200  ° C  (th e  tr ia n g le s  d o w n  p o in t s ) ,  T h e  d ia m o n d s  
are th e  d a t a  c a lc u la te d  fr o m  th e  Dy a n d  th e  a v era g ed  va lu e  o f  VyB v a lu es  g iv e n  in  
ta b le s  5 .2 , 5 .3 , a n d  5 .4 . A ls o  p lo t t e d  are th e  Dy va lu es  o f  th is  w o rk  (th e  squ ares 
p o in ts ) ,  a n d  th o s e  o f  C h ia n g  e t a l [8 2 ](th e  c ir c le s  p o in ts ) , K a h e n  e t  a l [85] (th e  
tr ia n g le s  u p  p o in t s ) ,  a n d  T s a n g  e t a l [87] ( th e  sta rs  p o in ts ) .
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e n e rg y  w ith  a  r e a s o n a b le  d e g re e  o f  a c c u r a c y  it  is n o t  p o s s ib le  t o  d e te rm in e  th e  
p r e fa c to r  fo r  th e  d if fu s io n  p r o ce s s  t o  w ith in  ev en  an  o rd e r  o f  m a g n itu d e . T h e  resu lt  
o f  u s in g  a  A rrh e n iu s  p lo t  o f  f ig u re  6 .4  fo r  th e  I n G a A s /G a A s  in te rd iffu s io n  w h ich  
w as s h ifte d  b y  10 5 to  p la c e  it  o n  th e  v a c a n c y  d iffu s io n  d a ta  g iv es  a  p r e fa c to r  o f  
e (7 .8 ± 2 .9 )  c m 2 S- 1  T h u s  aq  w e  ca n  say  a b o u t  th e  p r e fa c to r  is th a t  it  is lik e ly  t o  lie  
in  th e  ra n g e  134  t o  4 6 0 2 7  c m 2 s " 1 . T h e  s ize  o f  th is  p o te n t ia l  e rro r , even  w h e n  w e 
are u s in g  d a ta  c o l le c te d  o v e r  a  4 5 0  ° C  te m p e r a tu r e  ra n g e , h ig h lig h ts  th e  d ifficu lt ie s  
in  c o r r e la t in g  e x p e r im e n ta l p r e fa c to r  v a lu es  w ith  th e o r e t ic a l p r e d ic t io n s . T h e s e  is­
sues w ere  re ce n tly  re v ie w e d  b y  G ill in  [120] a n d  W e e  et a l [119] w h e re  th e y  p re se n te d  
d a ta  o f  th e  in te rd iffu s io n  co e ff ic ie n t  o f  A l G a A s /G a A s  ov er  th e  te m p e r a tu r e  ra n ge  
750  ° C  t o  1150  ° C .  T h e  w o rk  o f  G il l in  a n d  W e e  sh o w e d  th a t  d e s p ite  th e  ra n g e  o f  
a c t iv a t io n  en erg ies  q u o te d  in  th e  lite ra tu re  a ll th e  d a ta  ca n  b e  d e s c r ib e d  u s in g  a  
s in g le  a c t iv a t io n  e n e rg y  o f  3 .6 ± 0 .2  e V  a n d  a  p r e fa c to r  o f  0 .2  w ith  an  u n ce r ta in ty  
fr o m  0 .0 4  t o  1.1  c m 2 s —1 , as is s h o w n  in  fig u re  6 .5 .
T h e  resu lts  p re se n te d  so  fa r  a lso  h a ve  im p lic a t io n s  fo r  in te rd iffu s io n  in  o th e r  
I I I -V  m a te r ia l sy s te m s . T h e  d iffu s io n  co e ff ic ie n t  a n d  a c t iv a t io n  e n erg ies  m ea su red  
fo r  th e  I n G a A s /G a A s  m a te r ia l s y s te m  are  v e ry  s im ila r  t o  th o s e  m e a su re d  fo r  A l ­
G a A s /G a A s  [119]. I f  th e  b a c k g r o u n d  c o n c e n tr a t io n  o f  v a ca n c ie s  in  th e se  ep ilayers  
is in d e e d  d e te r m in e d  b y  th e  c o n c e n tr a t io n  o f  v a ca n c ie s  in  th e  G a A s  s u b s tr a te  th en  
th is  is n o t  su rp r is in g  a n d  w o u ld  m e a n  th a t  d iffe re n ce s  in  th e  a c t iv a t io n  en e rg y  fo r  
th e  A lG a A s /G a A s  in te rd iffu s io n  c o m p a r e d  t o  I n G a A s /G a A s  in te rd iffu s io n  are a 
d ir e c t  m e a su re  o f  d if fe re n ce s  in  th e  a c t iv a t io n  e n e rg y  o f  v a c a n c y  d if fu s io n  in  th e  
tw o  sy s te m s . S im ila r ly  R a o  et a l [121] h a ve  m e a su re d  th e  in te rd iffu s io n  o f  th e  te rn ­
a r y /t e r n a r y  I n G a A s /I n G a A s  sa m p le s  o n  In P  su b s tra te s  a n d  m e a su re d  an  a c t iv a t io n  
e n e rg y  fo r  th is  s y s te m  s im ila r  t o  th a t  o f  I n G a A s /G a A s .  H ow ev er , th e ir  m ea su red  
d iffu s io n  c o e ff ic ie n ts  are  an  o r d e r  o f  m a g n itu d e  g rea ter  th a n  th o s e  m e a su re d  fo r  In ­
G a A s /G a A s  fo r  th e  sa m e  te m p e r a tu r e  ra n g e . A s  th e  m a te r ia ls  th r o u g h  w h ich  th e
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F ig . 6 .5 . A n  A rrh e n iu s  p lo t  o f  th e  A lG a A s /G a A s  in te rd iffu s io n  d a ta  fo r  t e m p e r a t ­
ures b e tw e e n  75 0  ° C  a n d  1150  ° C  (sq u a re s ) a n d  m u ch  o f  th e  d a ta  fr o m  th e  lite ra tu re  
(d o t s ) .  T h e  th ic k  s o lid  lin e  is th e  lea st sq u a res  fit  t o  th e  W e e  e t a l d a ta  [119] a n d  th e  
lig h t  lin es  are th e  le a s t  sq u a res  fit  t o  th e  d a ta  fr o m  th e  lite ra tu re  c o le c t e d  b y  W e e  et 
a l. T h is  fig u re  sh o w s  h o w  la rg e  e rro rs  ca n  b e  in  m e a su r in g  a c t iv a t io n  en erg ies  an d  
p r e fa c to r , a  ± 1  e V  e rro r  w a s c a lc u la te d  a n d  a  p r e fa c to r  o f  0 .2  w ith  an  u n ce r ta in ty  
fr o m  0 .0 4  t o  1.1 c m 2 s - 1  w ere  d e te r m in e d  [119].
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v a ca n c ie s  are  d if fu s in g  in  th e se  tw o  sy s te m s  are  v e ry  s im ila r  it  is u n lik e ly  th a t  th e  
p r e fa c to r  fo r  v a c a n c y  d if fu s io n  is th e  ca u se  o f  th is  d if fe re n ce  a n d  th is  su g g e sts  th a t  
it  is th e  h ig h  c o n c e n tr a t io n  o f  v a ca n c ie s  in  th e  p o o r e r  q u a lity  In P  s u b s tr a te  m a te r ia l 
w h ich  is th e  s o u rce  o f  th e  la rg e r  in te rd iffu s io n  co e ff ic ie n ts . F u rth er  e x p e r im e n ts  n eed  
t o  b e  p e r fo r m e d  o n  th is  m a te r ia l s y s te m  t o  c o n fir m  th is , b u t  i f  t ru e  th e n  th e  th e rm a l 
s ta b i l it y  o f  In P  b a s e d  m a te r ia ls  m a y  b e  im p r o v e d  b y  im p ro v e m e n ts  in  th e  su b s tra te  
q u a lity .
6 .5  I n t e r  d if fu s io n  o n  th e  g r o u p - V  s u b la t t ic e
T h e  in te rd iffu s io n  p ro c e s s  o n  th e  g r o u p -V  s u b la tt ic e  in  G a A s / G a A s  
(x =  0 .1 2 )  s in g le  q u a n tu m  w ells  w as s tu d ie d  b y  m ea n s  o f  P L  c o u p le d  w ith  r e p e t it ­
iv e  th e r m a l a n n ea ls  e x p e r im e n ts . T o  a n a ly se  th e  e x p e r im e n ta l re su lts  p re se n te d  in  
c h a p te r  5, Fick}s s e c o n d  la w  w a s  a ssu m e d . A c c o r d in g ly  th e  d iffu s io n  p ro fi le  w a s c a l­
c u la te d  b y  th e  e rro r  fu n c t io n  a p p r o a c h  (see  c h a p te r  3 ) . T h e  c o n d u c t io n  a n d  v a le n ce  
b a n d s  w ere  th e n  d e te r m in e d  u s in g  tw o  a p p ro a ch e s  n a m e ly  Method A a n d  Method 
B  w h ich  w ere  d e s c r ib e d  in  d e ta ils  in  c h a p te r  3. T h e  rea son  b e h in d  u s in g  th ese  tw o  
m e t h o d s  is t o  h ig h lig h t  th e  e ffe c t  o f  th e  m e t h o d s  th a t  c o u ld  b e  u sed  t o  c a lc u la te  th e  
n = l  e le c t r o n  t o  h e a v y -h o le  tr a n s it io n  t o  c o n s t r u c t  th e  c a lib r a t io n  g ra p h  a n d  th e  c o n ­
seq u e n t e ffe c t  o f  th e se  c a l ib r a t io n  g ra p h s  o n  th e  m e a su re d  in te rd iffu s io n  co e ff ic ie n ts  
a n d  a c t iv a t io n  en erg ies .
T h e  d if fu s io n  le n g th s  sq u a re d  o b ta in e d  fr o m  th e  tw o  m e t h o d s  w ere  p lo t t e d  
versu s a n n e a l t im e  in  fig u res  5 .2 1  (a) a n d  (b) fo r  Method A a n d  Method B , r e s p e c t ­
ive ly . A s  ca n  b e  seen  fr o m  th e  tw o  fig u res , a n d  as e x p e c te d , th e  d a ta  p o in ts  o f  
d if fu s io n  le n g th s  s q u a re d  v ersu s  a n n ea l t im e  fo r  a n y  p a r t icu la r  a n n e a l te m p e ra tu re  
lie  o n  a  s tra ig h t  lin e  w h ich  p a sse d  th r o u g h  th e  o r ig in . T h is  in d ica te s  th a t  th e  in it ia l 
a s s u m p tio n  w a s v a lid  ( Fick’s s e c o n d  la w  is o b e y e d ) .
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D e s p ite  th e  fa c t  th a t  Fick’s s e c o n d  la w  b e in g  o b e y e d  u s in g  b o t h  Method A 
a n d  Method B , th e  m e a su re d  d if fu s io n  co e ff ic ie n ts  sh ow ed  s o m e  d if fe re n ce  as w as 
g iv en  in  ta b le  5 .5 . T h e s e  d iffe re n ce s  o r ig in a te d  fr o m  th e  d iffe re n ce s  in  th e  c a lc u ­
la te d  n = l  e le c t r o n  t o  h e a v y -h o le  t r a n s it io n  en erg ies  b y  th e  tw o  d iffe re n t m e th o d s . 
T h is  h ig h lig h ts  th e  fa c t  th a t  d iffe re n ce s  in  th e  m e a su re d  in te rd iffu s io n  co e ff ic ie n ts  
b e tw e e n  th e  m a n y  resea rch  g r o u p  c o u ld  b e  n o t  o n ly  b e ca u s e  o f  d if fe re n t e x p e r im e n ta l 
e n v iro n m e n t  b u t  a lso  b e c a u s e  o f  d if fe re n ce s  in  th e  m e th o d s  u se d  t o  c o n s tr u c t  th e  
c a l ib r a t io n  g ra p h s . D e s p ite  th e  fa c t  th a t  th is  w ill n o t  a ffe c t  th e  m e a s u re d  a c t iv a t io n  
en ergy , it  w ill c e r ta in ly  a ffe c t  th e  m e a su re d  d iffu s io n  p r e fa c to r  D 0.
In  fig u re  6 .6  I p lo t  th e  w e ig h te d  a v era g e  d iffu s io n  c o e ff ic ie n ts  o b ta in e d  b y  
u s in g  b o t h  Method A a n d  Method B. T h e  lin e  jo in in g  th e  d a ta  p o in ts  is th e  lea st 
sq u a res  fit  w h ich  y ie ld e d  a n  a c t iv a t io n  e n e rg y  fo r  th e  in te rd iffu s io n  p r o c e s s  o f  2 ± 0 .3  
e V . T h is  v a lu e  is a b o u t  1 e V  less th a n  th a t  m e a su re d  fo r  th e  I n G a A s /G a A s ,  h ow ev er  
th is  v a lu e  fa lls  in  th e  e rro r  ra n g e  o f  a b o u t  1 e V  r e p o r te d  in  th e  w o rk  o f  W e e  a n d  
G ill in  [120] [119]. H o w ev er  th e  c o m p a r is o n  is n o t  s tra ig h t fo rw a rd  as th is  m a te r ia l 
s y s te m  is n o t  w e ll s tu d ie d . T h e  o n ly  r e p o r ts  th a t  c o u ld  b e  fo u n d  in  th e  lite ra tu re  are 
th o s e  o f  H o m e w o o d  e t a l [92], G ill in  e t  a l [93], a n d  E g g e r  et a l [94] [95]. H o m e w o o d  et 
al a n d  G ill in  et a l r e p o r te d  a  n o n -lin e a r  d if fu s io n  p r o ce s s  in  th is  s y s te m , c o n tr a r y  to  
E g g e r  e t  a l w h o  sh o w e d  th a t  th e  d if fu s io n  p r o c e s s  in  th is  sy s te m  o b e y e d  F ic k ’s s e co n d  
law . T h is  a lso  c o n tr a d ic t s  th e  resu lts  p re se n te d  in  th is  s tu d y  as it  w as seen  th a t  in  th e  
t e m p e r a tu r e  ra n g e  70 0  ° C  t o  1000  ° C  F ic k ’s s e c o n d  la w  w as o b e y e d . T h e  n o n -lin e a r  
p r o c e s s  r e p o r te d  b y  H o m e w o o d  a n d  G ill in  c o u ld  b e  d u e  t o  p o o r e r  q u a lity  m a te r ia ls , 
as it  w a s  sh o w n  th a t  in te rd iffu s io n  is  g o v e rn e d  so le ly  b y  v a ca n c ie s  in  th e  su b stra te s  
m a te r ia l, s o  it  c o u ld  b e  p o s s ib le  th a t  th e  o b s e r v a t io n  o f  H o m e w o o d  a n d  G ill in  is 
o n ly  an  in it ia l fa s t  d if fu s io n  m e d ia te d  b y  th e  la rg e  a m o u n t  o f  a rse n ic  v a ca n c ie s  in  
th e ir  m a te r ia ls . It  is a lso  w o r th  m e n t io n in g  th a t  th e  w ork  o f  E g g e r  e t a l sh ow ed  an 
in crea se  o f  th e  m e a su re d  d if fu s io n  co e ff ic ie n ts  b y  in cre a s in g  th e  a rse n ic  ov erp ressu re .
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F ig . 6 .6 . A n  A rrh e n iu s  p lo t  o f  th e  G a A s S b /G a A s  in te rd iffu s io n  co e ff ic ie n ts  fo r  
te m p e r a tu r e s  b e tw e e n  70 0  ° C  a n d  1000  ° C ,  T h e  lea st sq u a res  fit  is t o  th e  w e ig h te d  
a v era g e  o f  th e  d if fu s io n  c o e ff ic ie n ts  c a lc u la te d  u s in g  Method A  a n d  Method B. T h e  
a c t iv a t io n  e n e rg y  fo r  th e  d if fu s io n  p ro c e s s  w as c a lc u la te d  t o  b e  2 ± 0 .3  e V .
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I f  th is  is th e  ca se  th e n  it  c o u ld  b e  p o s s ib le  th a t  th e  m e ch a n ism  in v o lv in g  th e  d if fu s io n  
o n  th e  g r o u p -I I I  s u b la t t ic e  is th e  sa m e  o n  th e  g r o u p -V  s u b la tt ic e . N e v erth e le ss , th is  
m a te r ia l s y s te m  is n o t  w e ll s tu d ie d  a n d  n eed s  fu r th e r  in v e s t ig a t io n . W e  c o n c lu d e  
th a t  th e  d if fu s io n  p ro c e s s  in  th is  m a te r ia l sy s te m  o b e y e d  F ie ld s  s e c o n d  la w  in  th e  
t e m p e r a tu r e  ra n g e  70 0  ° C  t o  1000  ° C  a n d  w e  b e lie v e  th a t  it  is p o s s ib le  th a t  th e  
sa m e  m e ch a n is m  seen  in  th e  g r o u p -I I I  in te rd iffu s io n  c o u ld  s t i ll  b e  o p e r a t in g  in  th e  
g r o u p -V  in te rd iffu s io n .
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Chapter 7
C o n c l u s i o n s
T h is  th es is  p resen ts  th e  resu lts  o f  th e  s tu d y  o f  th e  th e rm a l in te rd iffu s io n  o f  
b o t h  I n G a A s /G a A s  M Q W s  a n d  G a A s S b /G a A s  S Q W s  te rn a ry  sy s te m s . In  p a r t ic u ­
la r  th e  e ffe c t  o f  g r o w th  te m p e r a tu r e  a n d  g r o u p -V  t o  g r o u p -I I I  f lu x  r a t io  w ere  s tu d ie d  
in  I n G a A s /G a A s  M Q W s  sa m p le s , w h ile  th e  in te rd iffu s io n  o n  th e  g r o u p -V  s u b la tt ic e  
is in v e s t ig a te d  in  th e  G a A s S b /G a A s  sa m p le s .
T h e  in te rd iffu s io n  p r o c e s s  in  b o t h  m a te r ia ls  w a s first th e o r e t ic a lly  m o d e lle d  
b y  a ssu m in g  th a t  th e  d if fu s io n  p r o ce s s  is c o n c e n tr a t io n  in d e p e n d e n t  a n d  th a t  it  is 
c o n s ta n t  w ith  a n n e a l t im e . T h e  c o n c e n tr a t io n  p ro file s  a cross  th e  w e lls  a fte r  d iffu s io n  
fo r  b o t h  m a te r ia l sy s te m s  w ere  d e te r m in e d  b y  th e  d o u b le  e rro r  fu n c t io n  s o lu t io n  t o  
th e  d if fu s io n  e q u a t io n . T h e  c o n d u c t io n  a n d  v a le n ce  b a n d  p ro file s  fo r  th e  d iffu se d  
w ells  w ere  th e n  d e te r m in e d  fr o m  e m p ir ic a l re la t io n s  fo r  th e  e n e rg y  g a p  d e p e n d e n ce  
o n  th e  c o m p o s i t io n  o f  th e  m a te r ia l in  th e  w ells  fo r  b o t h  sy s te m s . H ow ev er , fo r  th e  
G a A s S b /G a A s  th e se  w ere  a lso  d e te r m in e d  b y  th e  Model Solid Theory o f  V a n  d e  
W a lle  a n d  th e  in te r p o la t io n  s ch e m e  o f  K r i jn . T h e  S ch ro d in g e r  e q u a t io n  w a s th e n  
s o lv e d  fo r  th e  d iffu se d  w ells  t o  d e te rm in e  th e  n = l  e le c t ro n  t o  h e a v y -h o le  tra n s it io n  
e n e rg y  as a  fu n c t io n  o f  d if fu s io n  le n g th . T h is  s o lu t io n  o f  th e  S ch ro d in g e r  e q u a tio n  
e n a b e lle d  th e  c o n s t r u c t io n  o f  th e  c a lib r a t io n  g ra p h s  o f  th e  d iffu s io n  le n g th  versu s 
th e  P L  p e a k  sh ifts . T h e  P L  p e a k  sh ifts  w ith  a n n ea l t im e  w ere  r e c o r d e d  a n d  th e n  
c o n v e r te d  in to  c o r r e s p o n d in g  d if fu s io n  le n g th s , w h ich  w ere  th e n  sq u a re d  a n d  p lo t te d  
versu s a n n e a l t im e . T h is  p lo t  o f  th e  d if fu s io n  le n g th s  sq u a red  v ersu s  a n n ea l t im e  
a llo w e d  th e  ch e ck  fo r  th e  v a lid ity  o f  th e  th e o r e t ic a l  m o d e l , as w ell as t o  m o n it o r  an y  
t im e  d e p e n d e n t  d if fu s io n  p ro ce s s e s  a t  e a r ly  s ta g e  o f  a n n ea lin g .
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T h e  resu lts  o f  th e  I n G a A s /G a A s  M Q W s  sh ow ed  th e  w e ll g r o w n  a t 4 7 0 °  C  t o  
h ave  h ig h  c o n c e n tr a t io n s  o f  e x ce ss  a rse n ic , w h ich  a fte r  a n n e a lin g  p r o d u c e d  a  h ig h  
c o n c e n tr a t io n  o f  g a ll iu m  v a ca n c ie s . T h e s e  h ig h  c o n c e n tr a t io n s  o f  g a ll iu m  v a ca n c ie s  
w ere  fo u n d  t o  g iv e  ra ise  t o  an  in t ia l fa s t  d if fu s io n , w h ich  w as te n d in g  t o  its  s te a d y  
s ta te  v a lu e  as a n n e a lin g  p ro g re sse s . T h is  in it ia l fa st  d if fu s io n  in  th e  w e lls  is a lso  
fo u n d  t o  d e p e n d  o n  th e  d is ta n c e  o f  th e  w e lls  fr o m  th e  w e ll g ro w n  a t  4 7 0 ° C . In  a ll 
th e  m e a s u re d  w a fers  th e  in it ia l fa s t  d if fu s io n  w a s fo u n d  t o  b e  h ig h e s t  in  th e  w ell 
c lo se s t  t o  th e  w e ll g ro w n  at 4 7 0 ° C  a n d  lo w e st  in  th e  w ell fu r th e s t  fr o m  it . T h is  w as 
d u e  t o  th e  h ig h  c o n c e n tr a t io n  o f  g a ll iu m  v a ca n c ie s  p r o d u c e d  in  th e  w e ll g ro w n  at 
4 7 0 ° C . T h e  d if fu s io n  o f  th e se  v a ca n c ie s  w as th e o r e t ic a lly  m o d e l le d  w h ich  e n a b le d  
th e  d e te r m in a t io n  o f  th e ir  d if fu s io n  co e ff ic ie n t , a n d  th e ir  c o n c e n tr a t io n s  in  b o t h  th e  
w e ll g o w n  a t 4 7 0 ° C  a n d  th e ir  b a c k g r o u n d  c o n c e n tr a t io n  in  th e  G a A s  su b s tra te .
It  w a s sh o w n  th a t  th e  in te rd iffu s io n  a t  a ll te m p e ra tu re s  is g o v e rn e d  b y  a  c o n ­
s ta n t b a c k g r o u n d  c o n c e n tr a t io n  o f  v a ca n c ie s  a n d  th a t  th is  b a c k g r o u n d  c o n c e n tr a t io n  
is th e  c o n c e n tr a t io n  o f  v a ca n c ie s  in  th e  s u b s tra te  m a te r ia l. T h e  m e a su re d  v a c a n c y  
c o n c e n tr a t io n  is a r o u n d  1 0 17 c m - 3 . T h is  re su lt  sh ow ed  th a t  th e  v a c a n c y  c o n c e n ­
tr a t io n s  in  G a A s  are  n o t  a t  th e r m a l e q u il ib r iu m  c o n c e n tr a t io n s  as h a s  b e e n  w id e ly  
b e lie v e d . R a th e r  it  w as sh o w n  t o  h ave  a  v a lu e  w h ich  is frozen-in p r o b a b ly  a t th e  
G a A s  c r y s ta l  g r o w th  te m p e r a tu r e . T h e  c o n c e n tr a t io n  o f  th e  in t r o d u c e d  v a ca n c ie s  
b y  th e  lo w -te m p e r a tu r e  g r o w th  w as c a lc u la te d  t o  b e  a b o u t  5 x l 0 19 c m - 3 .
T h e  a c t iv a t io n  e n e rg y  fo u n d  fo r  th e  in te r m ix in g  p ro ce s s  o f  I n G a A s /G a A s  
w as s h o w n  t o  b e  g o v e rn e d  s o le ly  b y  th e  a c t iv a t io n  te rm  fo r  v a c a n c y  d if fu s io n  w h ich  
w a s c a lc u la te d  t o  h a v e  an  a c t iv a t io n  e n e rg y  o f  3 .4 ± 0 .3  e V . T h e s e  resu lts  p r o v id e  
a  m e ch a n is m  t o  e x p la in  th e  r e d u c e d  a n d  e n h a n ce d  in te rd iffu s io n  c o e ff ic ie n t  ,w id e ly  
r e p o r te d , u n d e r  g a ll iu m  r ich  a n d  a rse n ic  r ich  c o n d it io n s , re sp e c tiv e ly . T h e  g r o u p -V  
t o  g r o u p -I I I  f lu x  r a t io  w a s fo u n d  n o t  t o  p la y  a n y  s ig n ifica n t r o le  in  th e  in te rd iffu s io n
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p ro ce ss . W e  c o n c lu d e  th a t  d iffu s io n  in  a ll ca ses  is b e in g  g o v e rn e d  b y  a  s in g le  vacancy- 
controlled second-nearest-neighbour hopping mechanism.
T h e s e  resu lts  su g g e s t  th a t  in  o rd e r  t o  im p r o v e  th e  th e rm a l s ta b i l it y  o f  h e te r o ­
s tru c tu re s  o v e r  th a t  w h ich  ca n  b e  a ch ie v e d  u s in g  g o o d  su r fa ce  e n c a p s u la t io n  it  w ill 
b e  n e ce ssa ry  t o  e ith e r  r e d u ce  th e  c o n c e n tr a t io n  o f  v a ca n c ie s  grown-in t o  th e  su b ­
s tra te  m a te r ia l o r  t o  p r o v id e  s o m e  m e a n s  o f  b lo c k in g  th e ir  m o v e m e n t  t o  th e  ep ila y er  
d u r in g  g ro w th . T h is  la t te r  a p p r o a c h  h o w e v e r , w o u ld  s t ill  b e  re lia n t o n  e p ita x ia l 
g ro w th  b e in g  a b le  t o  p r o v id e  low er  v a c a n c y  c o n c e n tr a t io n  in  th e  ep ila y ers . F in a lly , 
it  a p p e a rs  th a t  th e  c o m b in a t io n  o f  th e  s u p e r io r  p ro p e r t ie s  o f  lo w -te m p e r a tu r e  g ro w n  
I I I -V  s tru c tu re s  to g e th e r  w ith  th e  in te r m ix in g  te c h n o lo g y  s h o u ld  p r o v id e  a  m ea n s 
fo r  o p t o -e le c t r o n ic  d e v ic e  fa b r ic a t io n  a n d  in te g ra t io n .
T h e  in te r m ix in g  p r o c e s s  o n  th e  g r o u p -V  s u b la tt ic e  in  th e  G a A s S b /G a A s  sy s ­
te m  w as fo u n d  t o  o b e y  F ie ld s  s e c o n d  law . T h e  a c t iv a t io n  en e rg y  fo r  th e  in te rm ix in g  
p ro ce s s  in  th is  s y s te m  is m e a s u re d  t o  b e  2 ± 0 .3  e V  a n d  w as fo u n d  t o  b e  a b o u t  1 e V  
lo w e r  th e n  th a t  m e a su re d  fo r  th e  I n G a A s /G a A s  sy s tem . W e  s tr o n g ly  b e lie v e  th a t  
th e  m e c h a n is m  in v o lv e d  in  th e  in te rd iffu s io n  o n  th e  g r o u p -I I I  s u b la t t ic e  is th e  sa m e  
in v o lv e d  in  th e  in te rd iffu s io n  o n  th e  g r o u p -V  s u b la tt ic e . H ow ev er , th is  s y s te m  is n o t  
v e ry  w e ll e s ta b lis h e d  a n d  it  a p p e a rs  th a t  fin a l c o n c lu s io n s  a t  th is  s ta g e  ca n  n o t  b e  
d ra w n  fo r  th is  sy s te m . F u rth e r  w o rk  m u st b e  ca rr ie d  o u t  in  th is  s y s te m  b e fo r e  fin a l 
c o n c lu s io n s  ca n  b e  d ra w n .
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